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PREFACE  TO  THIRD  EDITION 

No  very  great  cttangOB  have  been  found  neceflsary  in  this  edition.  The  chief 
addition  is  a  section  on  the  capillary  circulation^  with  regard  to  which 
important  work  has  recently  been  published.  Numerous  references  to 
farther  discoveries  on  questions  already  discussed  have  been  inserted  and 
the  opportunity  taken  to  revise  with  care  the  whole  of  the  book.  I  wish  to 
give  my  thanks  to  various  correspondents  who  have  kindly  taken  the  trouble 
to  inform  me  of  errors. 

The  title  of  the  book  is  still  subjected  to  criticism.  While  admitting 
that  a  really  "general"  physiology  should  confine  itself  to  laws  of  application 
to  the  whole  of  living  nature,  I  find  it  impossible  to  find  any  name  as 
suitable  as  that  chosen  for  the  manner  of  presentation  adopted.  Are  laws 
that  apply  to  animals  but  not  to  plants  to  be  esccluded  from  consideration 
on  this  account  ?  And,  if  not,  where  is  the  line  to  be  drawn  between  the 
"higher*'  and  "lower"  animals?  As  remarked  elsewhere,  it  seems  to  be 
rather  a  question  coaceming  the  manner  in  which  the  subject-matter  is 
arranged.  This  subject-matter  is  the  same,  however  it  is  treated.  It  is 
obvious  that  general  laws  cannot  be  duly  described  and  explained  without 
concrete  instances.  I  feel,  however,  that  the  plan  adopted  in  my  smaller 
"Introduction"  is  the  more  logical  exposition  of  my  point  of  view,  although 
it  would  not  be  so  suitable  for  the  present  work. 

To  return  to  the  question  of  general  principles,  it  cannot  be  too  strongly 
insisted  upon  how  important  it  is,  if  only  in  the  saving  of  much  mental  . 
effort  at  a  later  datt\  to  obtain  a  thorough  grasp  of  these  main  principles, 
and  this  applies  to  all  sciences.  It  is  often  surprising  liow  many  of  the 
details  of  apparently  isolated  facts  fall  into  tlieir  places  as  natural 
consequences  of  a  few  general  laws.  In  regard  to  medical  education,  for 
example,  there  is  some  need  to  guard  af^ainst  too  narrow  an  interpretation 
of  what  is  .supposed  to  be  of  direct  application  to  clinical  practice.  What 
is  at  the  present  time  looked  upon  as  pure  abstract  or  academic  science  may 
turn  out  next  week  to  be  of  vital  importance.  Take,  for  instaTioo,  the 
electrical  phenomena  of  ceil  activity  and  their  application  in  the  electro-  ' 
cardiogran7. 

There  is  another  way  in  wliich  the  value  of  these  princi|des  needn  to 
be  kept  in  mind  at  the  preseiit  day.  There  is,  fortunately,  a  notable 
awakening  to  the  value  of  scientific  discovery.  But  it  is  apt  to  be  chietly 
appreciated  in  its  practical  a.spect  of  tho  improvement  of  industrial  processes 
or  medical  treatment.  The  necessary  basis  of  this  knowledge  in  previous 
experiuieiital  research  into  projjlems  of  no  direct  and  obvious  application  is 
*  apt  to  be  overlooked  and,  in  consequence,  sutlers  from  lack  of  adequate 
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financial  support.  It  will,  I  think,  be  obvious  from  the  pagrs  of  this  l)ook 
that  the  greater  number  of  the  fundamental  discoveries  in  physioloLry  were 
made  by  men  who  were  able  to  direct  their  own  work  in  the  way  suggested 
by  its  actual  progress.  Such  research  must  be  perfectly  free  and  devoid  of 
external  control.  In  making  this  statement  I  do  not  intend  to  undervalue 
what  is  done  under  tlu^  direction  of  annlher  mind.  Such  work  is  very 
necessary  in  filling  up  the  routine  details  in  tlie  coniidete  l»uildiug  up  of  a 
great  principle  and  also  in  the  various  modes  of  its  a]>plieation  to  practice. 
In  this  kind  of  research,  what  is  called  "team  work"  is,  no  doubt,  of  much 
value,  and  capable  of  wider  extension  than  it  lias  hitherto  received ;  but  it 
cannot  replace  the  free  unfettered  excursions  of  the  imagination  of  the 
individual  worker,  fruitless  though  those  may  often  be.  Such  men  of 
original  and  fertilising  thought  may  not  be  common,  but  this  is  all  tho 
more  reason  that  their  activity  should  have  the  best  cooditious  in  which  tu 
produce  its  results. 

At  the  same  time  it  cannot  l>e  denie»l  tiiat  there  are  some  directi(uis  in 
which  research  is  more  ]>rotitable  than  in  others,  eve?i  from  the  jxiiut  of 
view  of  general  laws,  investigation  may  proceed  in  ;iumc  of  these  directions 
too  far  for  its  results  to  fall  into  their  places  until  other  problems  have  been 
solved.  Although  they  ultimately  do  so,  it  may  hap|>en  that  they  are 
forgotten  by  the  time  when  this  might  occur.  A  young  inexperienced 
worker  can  often  be  usefully  guided  by  the  wider  knowledge  oi  a  senior. 

W.  M.  BAYLISS. 
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PREFACE  TO  SECOND  EDITION 

In  the  two  years  that  have  ela])sed  since  the  publication  of  the  previous 
edition  so  many  physiolo-zi^^ts  have  been  occupied  with  matters  connected 
with  the  terrible  war  in  wiiich  nearly  tlie  whole  world  is  entrafred,  that  no 
very  great  amount  of  work  rctiuiring  reference  in  tliis  Ijook  has  been 
prodocod.  Tlic  t.usk  of  revision  has  not  therefore  been  an  onerous  one,  and 
the  time  needed  could  be  found  without  neglect  of  other  work. 

1  beg  to  thank  my  numerous  friends  and  correspondents  for  pointing 
out  errors  overlooked  in  proof,  together  with  actual  mistakes,  and  for 
criticism  in  general.  I  hope  that  all  theae  have  been  duly  considered. 
Certain  passages  which  were  not  as  lucid  as  they  sliould  have  been  will  be 
found  to  have  l>een  made  clearer. 

In  the  case  of  some  a.spects  of  the  activity  of  muscle,  of  the  kidney,  and 
of  the  visceral  nervous  system,  new  facts  or  changes  in  point  of  view 
necessitated  considerable  rewriting.  A  new  section  on  the  transport  of 
carbon  dioxide  in  the  blood  has  been  added,  and  the  reader  will  doubtless 
welcome  ihe  ins^ion  of  a  portrait  of  Pasteur,  unaooountably  omitted  from 
the  preYiona  edition. 

The  order  of  the  chapters  has,  naturally,  been  the  sabject  of  some 
criticism.  In  any  book  dealing  with  so  wide  a  domain  a  really  logical 
order  is  impossible ;  whatever  order  is  adop^d,  it  is  not  to  be  avoided  that 
knowledge  of  later  chapters  is  occasionally  presupposed.  In  a  certain  sense,  ' 
each  of  the  chapters  of  the  present  book  may  be  looked  upon  as  a  separate 
essay,  but  there  ia»  neverthelesSr  a  definite  sequence  and  connection  between 
them.  The  only  one  which  I  am  prepared  to  admit  appears  in  a  strange 
place  is  that  on  the  Electrical  Changes  in  Tissues.  It  would  perhaps  have 
been  more  appropriate  if  made  to  follow  that  on  Electrolytes.  The  reader 
may  give  his  attention  to  it  at  this  place,  if  he  wishes.  The  reason  why  it 
is  placed  where  it  is  results  from  the  fact  that  a  knowledge  of  the  electro- 
cardiogram is  necessary  in  order  to  understand  the  heart. 

A  word  seems  requisite  with  regard  to  certain  discussions  containe<l  in 
the  earlier  chapters,  especially  some  of  the  questions  of  physical  chemistry. 
The  text-books  on  the  subject  do  not  always  give  sufficient  treatment  of 
those  aspects  which  are  of  great  imj>ortance  in  physiology.  Original  papers 
must  be  referred  to  in  order  to  disinter  some  particular  fact,  and  it  seemed 
to  me  that  I  could  save  a  certaiTi  amount  of  time  and  trouble  for  my  fellow- 
workers.  It  is  true  that  .some  of  these  matters  may  not  seem  to  bel«»nLr  to 
a  treatise  on  "  General  Physiology,"  but  I  know  of  no  more  appropriate 
naiue,  and  as  far  as  1  can  find  out  theso  parts  of  the  book  have  been  found 
useful. 
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X  PREFACE 

T  would  take  this  opportunity  to  correct  an  orror  in  the  former  preface. 
Claude  Bernard  wa^  Professor  in  the  College  d«'  1  ran( c,  Tiot  in  the  University 
of  ParlH.  The  Colh^go  de  France,  it  will  b*^  i rjnoMil.fred,  was  founded  \n 
15£>U  hy  Francis  T.,  and  wis  at  first  Bfmrwhat  opposed  by  the  S(ub' fiiu-, 
l)ut  many  of  the  most  distinguished  French  scholars  have  occupied  chairs 
in  it. 

In  the  previous  preface,  I  referred  to  tXw  view  taken  by  Claude  Bernard 
with  respect  to  tlic  [^^jition  of  vital  phenomena  lu  the  world  of  experimental 
science.    T  would  like  to  add  a  few  further  quotations  here,  because  it  t 
seems  that  his  position  is  sometimes  misunderstood.    They  are  to  be  found 
in  the  collection  of  lectures  called  "La  science  exp^rimentale."    On  p.  54 
we  read,  "Pour  le  physiolo^iste  et  le  m^decin  exp^rimeutateur,  I'organisme  ' 
vivant  n'est  qu'une  inadiine   admirable,  dou^e  des   propri^t^s  les  plus 
merveilleuses,  mine  en  action  a  i'aide  des  m^canismes  les  plus  complexea  et 
les  plus  di'dicats."    On  p.  58:  "Les  propri^t^s  tie  la  mati^re  vivante  ne  i 
peuvent  etre  nianifest<Se8  et  connued  que  par  leuiti  rapports  avec  les  propri^t(5s 
de  la  mati^re  brute,  d'6u  il  r^sulte  que  les  sciences  physiologiciues  experi- 
mentalea  out  pour  base  ndcessaire  les  sciences  physico-chimiques,  auxquellcs 
elles  enipruntent  leurs  procddds  d'investigation  et  leurs  nioyens  d'aetiou." 
On  p.  106  ;  "  Pour  expliquer  les  ph<^noni(^ne8  de  la  vie,  le  physiologiste  exp^ri- 
mentateur  s'adresse  directement  aux  manifestations  de  ces  phdnom^nes;  il 
lee  analyse  k  I'aide  des  sciences  physico-chimiques,  qui  sent  phis  simples  que 
k  physiologie,  parce  c'est  toujours  le  plus  simple  qui  doit  ^clairer  le  plus 
oomplexe."    On  p.  113:  "Quant  aux  ph^nom^nes  de  la  vie,  j'admets  que 
068  pb^om^nes,  consid^r^  dans  lean  formes  diverses  de  manifeit&tioti  et 
dans  leur  nature  intime,  oat  &  la  fois  une  spteialit^  de  formes  qui  les 
distingue  oomme  phAiomines  de  la  vie  et  une  oommunaut^  de  Ids  qui  les 
confond  avec  tons  les  autre  ph^nom^ee  du  monde  oosmique.  Je  reoonnais  j 
en  d'autrea  tennes  k  tous  lea  ph^omtoes  vitaux  des  proo^^  sp^aux  de 
manifestation ;  mais  en  m6me  temps  je  les  oonsid^re  aussi  oomme  d^vant 
tous  des  lois  g^n^rales  de  la  m^nique  et  de  la  physioo-ehimie  ordinaiies." 
On  p.  118:  "De  ce  qui  prMde,  il  r^sulte  ^idemment  que  le  physiologiste, 
le  ohimiste,  le  physioiMi,  n'ont  en  rtelit4  k  consider  que  des  ph^nomdnes  de  I 
m6me  nature,  qui  doivent  6tre  analysis  et  dtndi^  par  la  mdme  mithode  et  j 
rMuits  aux  mdmes  lois  gdnirales.   Settlement  le  physiologiste  a  affaire  4 
des  procM^H  partiouliers  qui  sont  inhdrenta  k  la  mati^  orgaius^,  et  qui 
constituent  par  consequent  Tobjet  sp^ial  de  ses  Etudes.    La  physiologic 
gtodrale  se  trouve  ainsi  ramente  k  6tr6  la  science  expdrimentale  qui  dtudie 
lee  propridtds  de  la  mati&re  organist  et  explique  les  procdd^  et  les  mdcanismes 
des  pb^nomines  vitaux,  oomme  la  physique  et  la  chimie  expliquent  les  pro- 
cid^  et  les  mdcaniflmee  des  pb^om^nes  mindraux/'  And  on  p.  212  (after 
referring  to  the  separation  by  Leibnita  of  the  body  and  soul,  which  were 
supposed  to  act  independently  of  one  another):  "si  nous  pouvons  ddfinir  la 
vie  &  Taide  d*une  conception  mitaphysique  ap^iale,  il  n'en  reste  pas  moins 
viai  que  les  forces  mteniques,  physiques  et  chimiques,  sont  seules  les  agents 
effectifs  de  Torganismc  vivant,  et  que  le  physiologiste  ne  pent  avoir  4  tenir 
compte  que  de  leur  action." 

The  only  interpretation  that  I  can  put  upon  these  passages  is  that  the 
reason  why  we  make  an  independent  science  of  physiology  is  because  the 
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laws  of  physics  and  ohemistry  exert  their  influence  in  a  speciallj  complex 
system.  At  present  ^e  are  unable  to  analyse  the  workings  of  this  machine 
to  more  than  a  limited  extent.  We  know,  for  example,  that  glucose 
supplied  to  a  liying  cell  is  burnt  up  and  that  the  energy  set  free  is  used 
for  particular  purposes;  but  how  this  happens  is  as  yet  beyond  our  com- 
prehension. NevertheleBs,  each  step  in  analysis  results  in  reducing  some 
further  stage  to  simpler  laws.  When  we  obtain  an  electrical  current  from 
a  fish,  we  make  use  of  a  moiv  complex  manner  of  production  than  that  from 
a  galvanic  battery,  but  we  are  not  justified  in  saying  that  the  vital  production 
of  an  electrical  current  diiTers  in  any  more  fundamental  way  from  that  by 
a  galvanic  battery  than  this  does  from  that  by  a  thermopile  or  a  dynamo- 
machine.  From  the  philos(){)hical  point  of  view,  of  course,  we  know  neither 
more  nor  less  of  the  essential  "  nature "  of  living  processes  than  of  those  of 
chemical  action  or  electricity. 

W.  M.  BATUSa 

1917. 
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Ih  the  prepaiation  of  oonnes  of  leotores  dealing  with  variouB  phymological 
prooeBBes  I  have  fbutid  eonaideFaUe  difficulty,  aod  spent  mocb  time,  in  the 
extraction  from  booka  and  original  papers,  many  of  them  not  biologioal,  of 
material  of  fundamental  importance  in  the  proper  treatment  of  the  subject. 
The  mechanism  of  reactions  in  heterogeneous  systems  may  he  mentioned. 
It  seemed  to  me,  therefore,  that  the  results  of  this  labour  might  be  of  use  to 
others,  whose  work  does  not  allow  them  sufficient  time  to  read  articles 
which  do  not  appear  to  bear  upon  their  particular  domain  of  science.  In 
arranging  these  facts,  however,  it  became  manifest  that  a  somewhat  wider 
treatment  would  be  of  more  value,  so  that  the  book  might  be  of  service  to 
all  desiring  a  general,  elementary,  treatment  of  what  may  be  called  "  abstract " 
physiology,  as  distinct  from  the  "applied"  phyaiology  required  by  the 
agricultural,  medical,  or  veterinary  student  for  the  purpose  of  his  profession. 
In  extenuation  of  my  conduct  in  producing  a  work  on  physiology  for  the 
use,  as  I  venture  to  hope,  of  all  those  who  have  any  interest  in  science,  I 
should  like  to  quote  a  few  words  by  Huxley  to  be  found  in  liis  address, 
"On  the  Educational  Value  of  the  Natural  History  Sciences"  (Tliixley, 
1902  1903,  p.  59 — see  Bibliography).  He  gives  an  answer  to  the  question, 
""What  is  the  range  and  position  of  Physiological  Science  as  a  branch  of 
knowledge,  and  what  is  it^  value  as  a  means  of  mental  discipline?"  as 
follows:  "Its  suhjcd-matter  is  a  large  moiety  of  the  universe — its  position 
is  midway  between  the  physico-chemical  and  the  social  sciences.  Its 
wluc  m  a  branch  of  discipline  is  partly  tliat  which  it  has  in  common 
Willi  ail  scieucas — the  training  and  strengtliening  of  common  sense ;  partly 
that  which  is  more  ])eculiar  to  itself — the  great  exercise  which  it  affords 
to  the  faculties  of  observation  and  comparison ;  and,  I  may  add,  the  exactness 
oi  knowledge  which  it  requires  on  the  part  of  those  amoug  its  votaries  who 
desire  to  extend  its  boundaries."  One  would  like  to  add  alsu,  the  great 
e\i»erim©ntal  skill  demanded,  owing  to  the  complexity  of  the  phenomena 
studied. 

The  name  of  "general"  physiology,  which  I  have  chosen  as  my  title, 
Cijrresponds  very  closely  with  what  niy  honoured  teacher,  Burdon-Sanderson, 
Hied  to  speak  of  as  "elementary"  physiolofry,  defining  it  SS  "the  study  of 
the  endowments  of  living  material,"  from  winch  ho  expected  the  greateat 
advances  of  the  future  to  proceed  (Burdon-Sanderson,  1911.  p.  217).  ThiB 
18  practically  the  same  view  as  that  t*iken  by  the  great  Claude  Bcmsrd,  who 
was  professor  of  "  physiologie  gdn^rale "  in  the  University  of  Paris  from 
the  foundation  of  the  chair  in  1854  untU  he  died  in  1878  (see  Bernard. 
1866,  p.  8).   In  the  lectures  which  he  gave  he  insisted  on  the  fsct  that 
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physiology,  being  t!ie  science  of  life,  is  to  be  regarded  as  an  autonomous 
and  independent  study ;  in  other  words,  that  it  is  to  be  cultivated  for  its 
own  sake,  and  not  merely  for  its  applications  to  the  practice  of  medicine. 
If  we  look  at  the  subjects  with  which  he  dealt,  and  which  were  in  part 
published  under  the  name  of  "  Lecons  sur  les  ph^nom^nes  de  la  vie  communs 
aux  animaux  et  aux  vegetaux/'  we  obtain  some  idea  of  wliat  Bernard  under- 
stood by  general  physiology.  We  find  fermentation,  nutritiun,  combustion, 
protoplasm,  iii  itability  and  contractility,  respiration,  and  so  forth,  all  treated 
from  a  wide  and  conipreheTisive  point  of  view. 

A  notable  passage  from  Sprat's  "History  of  the  lioyal  Society"  (1722, 
p.  245)  is  of  interest  in  this  connection.  The  book  is,  it  may  be  renieuil>ered, 
in  great  part  an  apolog)'  for  the  existence  of  a  society  for  the  purpose  of 
making  ex]>eriments.  "  It  is  stranger  that  we  are  not  able  to  inculcate  into 
the  minds  of  many  men  the  necessity  of  that  dUlindion  of  my  Lord  Bacon  s, 
that  there  ought  to  be  experiments  of  liglit,  as  well  as  of  fruit.  It  is  their 
nBual  word,  What  Md  good  will  come  from  thenee  ?  They  are  indeed  to  be 
oommtinded  for  bemg  so  Mvere  exosetoro  of  yixdneti.  And  it  were  to  be 
wished  that  they  would  not  only  exercise  this  vigour  about  «i!per»m«n^,  but 
on  their  own  Iweo  and  aebionOf  that  they  would  still  question  with  themselves^ 
in  all  that  they  do ;  what  ootid  good  will  c<»ne  from  thenee  ?  But  they  are  to 
know  that  in  so  laiige  and  so  various  an  arf  as  this  of  oxporimefKU,  there  are 
many  degrees  of  usefulness:  some  may  serve  for  real  and  plain  heiufU 
without  much  ddight :  some  for  teeuMng  without  apparent  profU,  some  for 
light  now,  and  for  not  hereafter ;  some  only  for  omamtnt  and  cwiioovtg.  If 
they  will  persist  in  contemning  all  eagporimonio,  except  those  which  bring 
with  them  immediate  gain  and  a  present  harvest,  they  may  as  well  cavil  at 
the  providence  of  God,  that  he  has  not  made  all  the  seasons  of  the  year,  to 
be  times  of  mowing^roaiping,  and  vintage,'*  A  particularly  striking  case  of  the 
practical  value  of  pure  abstract  laboratory  work  is  to  be  found  in  the  electric 
waves  of  Hertz,  which  were  referred  to  in  the  first  edition  of  Karl  Pearson's 
"  Grammar  of  Science  "  as  of  no  practical  application,  but  before  the  second 
edition  appeared,  they  were  used  for  wireless  telegraphy  (see  Pearson,  1911, 
p.  :'0).  Again,  Tyndall  points  out  (1870,  p.  43),  in  reference  to  the  great 
practical  use  now  made  of  Faraday's  electrical  discoveries,  "  that  if  Faraday 
had  allowed  his  vifirm  to  l>e  disturbed  by  considerations  regarding  the 
practical  use  of  his  discoveries,  those  discoveries  would  never  have  been 
made  by  him." 

Although  most  of  the  problems  treated  in  the  present  vohnue  are  conmioa 
to  all  living  oi^ganisms,  a  few  are  included  on  account  of  their  importance  to 
a  very  large  number  of  organisms,  notwithstanding  the  fact  that  they  are  not, 
strictly  speaking,  of  a  "  general "  nature.  The  fundamental  properties  of  the 
nervous  system  mav  be  instanced. 

It  will  1)0  seen  that  the  scope  of  general  physiology  is  not  identical  with 
that  of  comparative  physiology.  This  latter  is  sometimes  apt  to  become  in 
great  part  a  description  of  functions  peculiar  to  certain  lower  oi^nisms,  even 
when  they  throw  no  light  on  the  actlvitMS  of  the  human  body,  which  are, 
after  all,  the  most  vitally  interesting  and  important  problems  presented  to 
the  physiologist  Praoti^dly  all  the  questions  dealt  with  by  general  physio- 
log)  apply  both  to  man  and  to  all  living  creatures,  animal,  or  plant  In 
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treatises  on  comparative  physiology,  copious  details  of  alimentarv  or  dij^estive 
niechauisms  will  be  found,  but  uo  discussion  of  the  general  nature  of  the 
action  of  en zy TUBS. 

In  speaking  of  higlier  and  lower  organiama,  it  is  well  to  iimko  it  clear  that 
no  invidious  distinction  is  intended  to  be  made.  Both  are  ei|ually  well 
adapted  to  their  environments.  The  higher  are  so  called  because  they  are 
affec  ted  by  a  greater  variety  of  changes  in  their  eaviromuent  and  respond  to 
these  iu  a  more  complex  manner. 

A  certain  amount  of  repetition  is  unavoidable,  since  the  sainc  process  has 
different  aspects  and,  owing  to  the  intciaction  and  interdependence  of  the 
phenomena  observed  in  the  more  highly  developed  organisms,  it  is  impossible  to 
avoid  references  in  the  general  treatment  to  activities  which  are  also  described 
as  parts  of  complex  actions  in  later  ohapters.  The  reader  who  is  unable  to 
follow  the  meaning  of  the  text  in  plaees  in  earlier  chapters,  owing  to 
rafiBtenoe  to  matters  disoiiMed  in  detail  in  later  ohapters,  will  naually  find  in 
the  index  the  pages  on  which  this  desoription  occurs^  and  can  make  himself 
familiar  with  them  before  proceeding  farther.  A  better  eonrse  would  be 
to  read  the  earlier  chapteis  a  second  time,  after  the  later  pages  have  been 
mastered* 

An  elementary  knowledge  of  physics,  chemistry,  and  biology  must  be 
aasiuned,  unless  the  book  is  to  become  altogether  unwieldy.  It  is  indeed 
impossible  to  insist  too  strongly  on  the  importance  of  at  least  an  elementary 
knowledge  of  these  three  basal  sciences  for  evety  one^  much  more  for  those 
pntsning  the  study  of  any  branch  of  science  whatsoever.  At  the  same  time, 
it  has  been  thought  useful  to  enter  into  some  detail  with  respect  to  con* 
captions  with  which  the  student  of  physiol<^  frequently  finds  difficulty, 
such  as  catalysis*  the  tension  of  gases,  and  some  of  tlie  laws  of  hydrodynamics. 

Vital  phenomena  being  essentially  dynamic,  the  study  of  physiology 
consists  in  the  investigation  of  changes.  As  Jennings  (quoted  by  von 
XJexkull.  1909,  p.  30)  says, "  It  is  of  the  very  greatest  importance  for  the 
understanding  of  the  behaviour  of  organisms*  to  look  upon  them  chiefly  as 
something  dynamic — as  processes  rather  than  as  structures.  An  animal  is 
something  that  happens."  Tlie  velocity  of  reactions  and  the  conditions 
affecting  it,  together  with  the  energy  changes  involved,  are,  therefore,  more 
essential  than  the  cheniical  structure  or  physical  properties  of  the  reacting 
substances  or  the  resulting  products,  although  the  knowledge  of  certain  of 
these  properties  is,  of  course,  necessary.  To  use  an  illustration,  inadequate  as 
it  is,  that  of  a  petrol  motor,  the  problem  of  the  physiologist  is  analogous  to 
that  of  thn  investigation  of  the  amount  of  fuel  consumed  in  relation  to  the 
work  li'  nit  .  when  tlie  engine  is  working  under  various  conditions.  The  greater 
nuini»ei-  ut  the  chemical  and  physical  properties  of  the  materials  used  in  the 
construction  of  the  engine  are  of  importance,  such  as  the  valency  of  the 
iron  or  the  smell  of  the  lubricating  oil,  while  others  are  fundamental,  such 
a«  Lite  heat  of  combustion  of  the  fuel  and  tlie  insiilation  of  the  ignilicn 
circuit.  Even  the  exact  chemical  luiture  of  the  fuel  is  of  subsidiary 
importance,  so  long  tis  it  is  sulhciently  volatile,  and  capable  of  giving  an 
explosive  mixture  with  oxygen.  Moreover,  the  precise  form  of  many  part.s, 
snob  as  the  heads  of  bolts,  is  immaterial,  just  as  many  structural  details  of 
living  organisms  or  the  precise  chemical  composition  of  connective  tissue  have. 
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at  all  events  at  pr<^Ront,  an  indgnificaut  physiological  interest.  In  making 
this  statement,  it  is  far  from  my  intention  to  undervalue  in  any  way  the 
work  of  the  organic  chemist  or  the  niorphologist.  Structure  is  the  indispens- 
able basis  of  function,  and  all  structures,  chemical  or  morphological,  will, 
no  doubt,  ultiinatRly  have  their  function  aissigned  But,  in  these  pages, 
space  cannot  be  8])ared  for  description  of  such  as  have  no  functional 
importance  suggested  up  to  the  present. 

The  treatment  of  the  subject  in  the  way  here  attempted  undoubtedly 
has  it.s  (liifirultics.  Important  j>oints  liavt^  most  proba)»ly  escaped  reference. 
1  shall  i)e  very  grateful  to  readers  who  wiil  inform  me  of  these  omissions, 
and  also  for  criticisni  in  general.  1  feel  thsit  I  niay,  in  some  plaees,  perhaps, 
hav(»  laid  myself  of>en  to  the  charge  of  iiegieelmg  statements  which  are 
in  opposition  to  the  point  of  view  adopted.  I  consider  myself  justified  in 
certJiiTi  iTistances  in  doing  this,  on  account  of  the  disagrrenifut  of  thcsif 
stat<Mjii  iiLH  with  a  large  mass  of  knowleflrrp  otherwise  obtiiiued,  and  m  tlie 
Im'Im'I  that  fiiitht'f  investigation  will  explain  the  apparent  contradiction. 
A.s  Sir  Tbuuidii  lirowne  Bays  (1672,  vol.  i.  p.  115):  "For  what  is  worse" 
(that  is.  than  new  knowledge  being  but  reminiscence).  "  knowledge  is  made 
hy  oblivion,  ;in<i  to  purchase  a  clear  and  warrantable  body  of  Truth,  we 
must  forget  and  part  with  much  we  know.  Our  tender  Enquiries  takinsr 
up  lA!iirning  at  large,  and  togetlier  with  true  and  assured  notions,  receiving 
many,  wherein  our  reviewing  judgments  do  Imd  no  satisfaction."  In 
other  cases  of  omission,  my  ignorance  amst  serve  as  an  excuse.  But,  as 
Bacon  ha.s  well  pointed  out,  truth  is  more  likely  to  come  out  of  error,  if 
this  is  clear  and  detiuite,  than  out  of  confusi  >u,  ami  my  experience  teaches 
me  that  it  is  l>etter  to  hold  a  well-understooti  and  iiitelligil>k'  opinion,  even 
if  it  should  turn  out  to  be  wrong,  than  to  l>e  content  with  a  muddle-headed 
mixture  of  conllicting  views,  wjmetimes  miscalled  impartiality,  and  often 
uo  better  than  no  opinitju  at  all.    One  is  tempted  to  quote  Browning:— 

"Stake  your  counter  as  boldly  evecy  whit, 
Venture  as  warily,  use  the  same  skill, 
Do  your  beat^  whether  winning  or  losing  it^ 

If  yuu  choo.sc  to  play  ! — is  my  principle 
Ix;t  a  man  contend  to  the  uttermost 
For  his  life's  set  priaok  be  it  what  it  will  I 

The  counter  our  lovers  staked  was  lost 

As  surely  as  if  it  were  lawful  coin  : 

And  the  sin  I  impute  to  each  frustrate  ghost 

Is— the  unlit  lanip  and  the  ungirt  loin, 
Though  the  end  in  sight  was  a  vice,  I  say, 
Ton  of  the  virtue  (we  issue  join) 
How  strive  ^u  I   Jk  ie,/abula.** 

(''The  Statue  and  the  Bust"— losl  /tn«s.) 

But,  at  the  same  time,  there  must  never  be  the  least  hesitation  in  giving  np 
a  position  the  moment  it  is  shown  to  be  untenable.  It  is  not  L^'oin^^^  too  far  to 
aay  that  the  greatness  of  a  scientific  investigator  does  not  rest  on  the  faot  of 


Digitized  by  Google 


PREFACE 


xvii 


his  having  never  made  a  mistake,  but  rather  on  his  readiness  to  acbnit  thafe 
be  has  done  80,  whenever  the  contrary  evidence  is  cogent  enough. 

In  the  present  book  I  venture  to  lay  down  no  expression  of  opinion  as  to 
the  problem  of  "Vitalism,"  although  it  is  scarcely  possible  to  hide  my  feelings 
on  the  matter.  I  take  it  that  there  is  no  serious  difficulty  as  to  the  kind  of 
phenomena  to  be  elided  as  "vital,"  and  no  dispute  as  to  what  are  the 
problems  with  which  the  physiologist  has  to  deal.  If  asked  to  define  "life,"  • 
I  should  be  inclined  to  do  as  Poinsot,  the  inatheniatieiaii,  did,  as  related  by 
Claude  Bernard  (1879,  p.  23),  "If  anyone  asked  me  to  detine  timr,  I  should 
reply:  'Do  you  know  what  it  is  tliat  you  speak  of?'  If  he  said  '  Yes,'  I 
should  say, '  Very  well,  let  us  talk  about  it.'  If  he  said  '  No,'  I  should  answer, 
'Very  well,  let  u.s  talk  about  sonielliing  else.'"  The  great  ]ihysiol(>gi.st,  in 
another  place  (1878,  pp.  MG-117),  describes  what  seem.'^  to  nie  t<»  be  tlie  most 
proHtable  attitude  to  t^ke  with  regar<i  lo  the  question  of  vitalism;  he  says, 
"There  is  in  reality  only  one  general  [)liysies,  only  one  chemistry,  and  only 
one  mechanics,  in  which  all  the  phenomenal  manifeat^itions  of  nature  are 
included,  both  those  of  hving  bodies  'd^  well  as  those  of  inauiinate  ones.  In 
a  word,  all  the  phenomena  whicli  make  their  appearance  in  a  living  being 
obey  the  same  laws  as  those  outside  of  it.  So  that  one  may  say  that  all  the 
manifestations  of  life  are  composed  of  phenomena  borrowed  from  the  outer 
oosmie  world,  so  far  as  their  nature  is  oonoemed,  possessing,  however,  a 
special  morphology,  in  the  sense  that  they  are  manifested  under  cbaiacteristie 
forms  and  by  the  aid  of  special  physiological  instruments."  It  must  be 
remembered,  of  oouise,  that  the  special  systems  referred  to  are  not  to  be 
understood  as  outside  the  laws  of  physics  and  chemistry.  All  that  we  are 
justified  in  stating  is  that,  up  to  the  present,  no  physico-chemical  system  has 
been  met  with  having  the  same  properties  as  those  known  as  vital;  in  other 
wordsi  none  have,  as  yet,  been  prepared  of  similar  complexity  and  internal 
oo-ordination.  A  further  point,  with  regard  to  which  Claude  Bernard's 
attitude  is  far  more  inspiring  than  that  of  those  who  regard  living  things  as 
in  perpetual  conflict  with  external  nature,  may  also  be  given  in  a  translation 
of  his  own  words  (1879,  p.  67) :  "  It  is  not  by  struggling  against  cosmic 
dOnditions  that  the  organism  develops  and  maintains  its  place ;  on  the  con> 
trary,  it  is  by  an  adaptation  to,  an  agreement  with,  these  conditions.  So,  the 
living  being  does  not  form  an  exception  to  the  great  natural  harmony  which 
makes  things  adapt  themselves  to  one  another;  it  breaks  no  concord ;  it  is 
neither  in  contradiction  to  nor  struggling  against  general  cosmic  forces ;  far 
from  that,  it  fornLs  a  member  of  the  universal  concert  of  tilings,  and  the  life 
of  the  animal,  for  example,  is  ordy  a  fra<;ment  of  the  total  life  of  the 
universe."    (See  alao  Kroj)otkin  s  attractive  l»ook,  "  Mutual  Aid.") 

My  object,  then,  is  to  discuss  the  physical  and  cliemical  proceases  which 
intervene  in  these  phenomena,  so  far  as  they  are  known.  It  must  be  kept 
in  mind  that  all  the  methods  available  for  the  study  of  vital  processes 
are  physical  or  chemical,  so  that,  oven  if  there  were  a  form  of 
energy  peculiar  to  livint^  things,  we  could  take  no  account  of  it,  except 
when  converted  into  known  forms  of  chemical  or  phy.sical  energy 
in  equivalent  anu-unt.  This  fact  was  clearly  insisted  ujHjn  by 
Burdon -Sanderson  (1911,  ]>.  I(j4;.  Where  explanation  on  these  lines  fails 
aa  yet,  I  have  usually  been  content  to  sumniaiLse  the  general  lawa  of  the 
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process,  leaving  it  for  tho  future  to  carry  further  the  reduction  to  simpler 
laws.   Nevertheless,  I  fear  that  I  may  in  some  cases  have  been  unable  to 

resist  the  temptation  to  suggest  hypotheses,  even  where  the  experimental 
data  are  inadequate.  May  I  venture  to  hope  that  some  of  these  suggestions 
will  help  to  indicate  ^nps  and  to  excite  research  to  fill  them  up  ?  If  so,  any 
labour  involved  in  the  writing  of  this  lx)ok  will  be  am]>ly  re]»aid, 

it  should  be  unnecessary  to  point  out  that  vital  processes  can  only  l>e 
investigated  where  they  exist,  that  is,  in  the  liviri^  organism,  cither  as  a 
whole  or  in  its  separate  parte,  when  these  can  be  prepared  in  such  a  way  as 
not  to  interfere  with  their  function,  or,  if  so,  only  in  a  known  manner. 
Such  experiments,  when  vertebrate  animals  are  concerned,  are  known 
sometimes  as  "  vivisections,"  an  objectionable  and  misleading  name.  I  should 
not  have  thought  it  necessary  to  refer  to  this  question,  were  it  not  that 
certain  people,  whom  one  might  reas  iiably  expect  to  possess  better  know- 
ledge, appear  to  hold  that  the  prugress  of  physiological  science  is  possible 
without  such  experiments.  Vesalius  stated  that  the  simplest  experiment 
on  the  living  animal,  as  a  rule,  revealed  more  than  a  long  study  on  the  dead 
body.  With  another  set  of  people,  who  see  no  value  in  physiology,  and 
frequently  also  none  in  seienoe  of  any  kind,  I  have  naturally  no  concern, 
except  to  remind  tbem  that  a  great  artist  Uke  Leonardo  da  Vind,  whom 
they  probably  hold  in  some  esteem,  not  only  thought  differently,  but 
actually  perfomed  **  viviseddona." 

Finally,  nowhere  is  the  admonition  of  St  Paul  to  the  Thessalonians 
(first  epistle,  chap,  v.,  21X  which  I  have  placed  on  my  title-psge,  mora 
neoessaty  than  in  physblogical  work,  ''prove"  (or  rather  "test**)  "all 
things^  hold  fast  that  which  is  good/'  Let  me  remind  the  reader,  also,  that 
the  word  translated  "good"  is  kcEXo?,  which  also  means  " beautiful,"  and  in 
the  passage  quoted  impUes  "true."  Let  us  tiy  to  Imitate  the  ancient 
Greeks,  and  look  upon  all  that  is  true  as  both  beautiful  and  good  All 
science  should  be  KdEX^,  and  not,  as  to  many  narrow  minds,  essentially  ugly, 
although  possibly  necessary.  It  is  not  always  easy,  however,  to  take  this 
point  of  view.  But  some  of  the  greatest  artists  of  the  past  devoted  much 
time  to  scientific  investigations ;  Leonardo  has  been  mentioned  already,  and 
Christopher  Wren  may  be  added. 

With  regard  to  the  use  of  the  word  "  good  "  as  applied  to  experiments, 
the  remarks  of  Claude  liernard  (1875,  p.  516)  should  be  kept  in  mind  by 
the  physiological  investigator :  "  In  physiology,  more  than  anywhere  els^ 
on  account  of  the  complexity  of  the  subjects  of  experiment,  it  is  easier  to 
nuike  bad  experiments  than  to  be  certain  what  are  good  experimerits, 
that  is  to  say,  comparable.  This  is  the  reason  of  the  contradictions  so 
frequent  amon,<;st  experimenters,  and  it  is  one  of  the  chief  obstacles  to 
the  advancement  of  medicme  and  of  experimental  physiology." 

W.  M.  BAYLISa 

UmVIBSIXT  Ck^LLSOfi,  LOMOOK, 

1914. 

NoTK. — I  ni«y  take  the  opportunity  here  to  thank  those  authors  and  publi«hpr8  who  have 
kindly  allowed  the  reproduction  of  certain  illustrations.  Those  to  which  no  name  is  attached 
ate  by  myself  and,  for  the  laoefe  part,  were  prepared  especially  for  thia  work. 
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PRINCIPLES  OF  GENERAL 

PHYSIOLOGY 


CHAl^TER  I 
PROTOPLASM 

ELEMENTARY  PROPERTIES 

At  the  very  outset  of  our  studies  we  are  faced  by  one  of  the  most  difficult 
problems  with  which  the  biologist  has  to  deal,  namely,  the  structure,  chemical 


tS5 


!M  till  llillil!!  nil  illl 

Fio.  1.  Amojba  proteu8(?).  — Creeping  in  dirertion  of  arrow.  Projecting 
in  advanc-u  rloar  p-scudopodia.  The  contractile  vncui>l»  is  seen  in  the 
posterior  end  ctf  the  organism.  F>ach  <livision  of  the  scale  corresponds 
to  2-5  M-    (Leidy,  1S79,  PI.  iv.  fig.  2"2.) 

•nd  physifttl,  and  the  elementary  properties  of  pi*ot<»plasm.  This  substance  is 
n»et  with  in  all  living  cells,  but  in  various  degreos  of  difl'erentiation  into  more 
«f*cialise<l  .stnictures.    In  its  simplest  form,  as  seen  in  the  pseudopodia  of  the 
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amceba  or  the  leucocyte,  it  appears,  even  under  the  liighe.st  powers  of  tbe 
ordinary  microscope,  as  a  clear,  colourless,  jelly  like  stuff,  not  showing  any 
structure,  but  nevertheless  keeping  itself  distinct  from  the  fluid  surrounding 

it,  not  mixing  therewith,  and  also 
capable  of  changing  its  form  in 
response  to  changes  in  its  surround- 
ings (see  Fig,  1). 

The  ptructureleas  natare  of  protopUsm 
in  its  most  elementary  form  in  aXtm,  in 
certain  casen,  to  be  Heen  after  fixation,  u 
ia  shown  in  Fig.  2,  in  which  it  will  \* 
noticed  that  the  external  layer  and  the 
pscudopodia  are  completely  clear. 

Even  in  some  of  the  simplest 
unicellular  organisms  special  portions 
are  differentiate<l  off  for  the  purpose 
of  i>erforming  particular  functions, 
the  contractile  vacuole,  for  example. 
In  higher  forms  of  life  such  parts 
are  known  as  "organs,"  and  exist  as 
permanent  structures  ;  whereas  the 
simpler  creatures  appear  to  possess 
the  power  of  making  organs  as  they 
are  required.  The  fo<xl  vacuoles, 
seen  in  Fig.  3,  may  be  given  as  an 
instance.  Tbe  water,  taken  in 
with  f<xxl  particles,  forms  temporary 
stomachs,  as  it  were,  into  which 
digestive  agents  are  secreted. 


Fio.  2-  LKoax-VTK  of  nkwt.— Fixed  V)y  a 
jet  of  steAni  directed  on  to  the  c<jver-gla«8. 
Stained  with  hieraatoxylin.  Untouclied 
photogra|>h.  Note  theapparcntlv  homo- 
geneous nature  of  the  pseudopodial 
protopla.sm.  (Scliiifer,  '*  Kssentials  of 
Hi8t«log\  ,"  fig.  67,  PI.  68.) 


1il''lli!lllllillilllllllliIillJillii.!:li;Min^^ 

FnJ.-3.  DiNAMiKRA  MiRAmus.-  Interior  filh-«l  with  nuinerfms 
cj'lls  of  ail  jilga,  Didyniomium,  ennlosMid  in  dmps  of  liijnid. 
Tlie  vnruoles  are  8pheri«al,  although  the  organisms  included 
have  iri-egular  « hajn's.  hji<  h d i  vision  of  t he  scale  corresijond* 
to  2-8  M.    (lAidy,  1879.  I'i.  vii.  fig.  3.) 
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"SUPER-MECHANICAL  riiuri-Ili  IBS" 

This  property  of  forming  organs  for  temporary  uae,  as  rpfiuirod,  ia  ro^sjarded 
bj  '7on  tlt'xkull  (1909,  pp.  11-32)  as  demonstrating  the  iuipotiifibiUty  of  ever 
explaining  protoplasmio  actaTities  on  physiocMilieiniciu  lines.  This  hopekss  atti- 
tude docs  not  seem  to  me  to  be  warranted.  Many  (rf  these  "  organs are  formed 
hv  tho  artiriin  of  laws  alre.-ulv  knrnvn.  For  example,  the  ili^'estivn  vacuoles  aro 
produceii  Ity  thf  water  liikon  in  with  the  ftMMj,  and  owe  their  shape  (o  surfjice 
tension  ;  it  ciige»tive  enzymes  are  preiieut  in  the  body  of  the  protoplasm,  they 
will  naiurally  find  their  way  into  the  vacnola  The  pseudopodial  changes  of 
fonn  are  in  relation  to  changes  of  surface  tensfam  and  ooosistonGy  of  the  outer 
layer  of  the  protoplasm,  as  wUl  be  shown  later. 

&i  this  ooan0oUon  an  int^^rcsting  experiment  is  deaoribed  by  Rhumbler  (1898,  p.  249).  If 
a  fine  hit  of  slasii  rod  bii  piisiied  against  a  drop  of  chloroform  uixier  water,  it  oannot  be  made 
Uj  enter  the  drop  ;  on  releiwing  the  pressure,  it  is  immediately  rejected.  If,  on  the  contrary, 
the  rod  be  first  coated  with  sbellac,  it  is  at  onoe  sucked  in.  As  soon  as  the  shellac  in  disBolvod 
by  the  ohloroforai,  the  rod  is  thrown  out  ogun.  I  find  it  best  to  oo^  the  glass  with  a  filtered 
sotetion  of  ahellaein  ohiorafaimi,  and  Aen  todry  it.  Miooeordinaiy  shellaois  only  partially  soluble 
ill  ohiorofi  rtii.  One  might  say  that  the  rhloroform  will  have  nothing  to  do  with  substanoes 
which  it  cannot  digest,  and  when  a  mixed  food  particle  is  presented  to  it  and  acoepted,  it 
digests  a  part  and  rejeete  the  non-aaslmilabte  remainder.  See  also  Rhumbler  (1910, 1914). 

My  object  in  (quoting  this  experiment  is  to  call  attention  to  the  way  in 
which  quite  simple  ooml^nations  of  well-known  forces  lead  to  the  performance 
of  eompUcated  and  apparently  purposeful  results.    With  respect  to  the  similar 

process  of  the  tnkinf]^  in  of  bacteria  by  leucocytes  (p^utgoeytosi'i),  it  is  pointed 
out  by  Lediugiiam  (1912,  p.  324)  that  leucocytes,  when  floating  freely,  are 
spherical,  and  put  out  no  pseudopodia  unless  in  contact  with  some  solid  surface. 
Vigorous  shaking  <^  the  mixture  of  serum,  leucocytes,  and  bacteria  does  not 
affect  the  ingestion  of  the  latter  by  the  protoplasm,  although  there  can  be  no 
pspudopxlial  activity.  When  chftnce  contact  takes  place,  there  is  taking  in  of 
the  bacteria  in  a  certain  proportion  of  the  encountera.  The  degree  of  phagocy- 
tosis is,  therefore,  controlled  by  the  number  cf  encounters  in  unit  tima  'Hiere 
is  no  indioation  of  any  kind  of  "seeking"  on  the  part  of  the  phagocytes.  The 
process  seems  to  l)e  one  in  which  surface  tension  is  the  chief  factor,  Tt  is  also 
obvious  that,  if  the  bacteria  have  l)een  cau^d  to  agglutinate  into  clumps,  each 
oicouuter  will  ensure  the  ingestion^of-  a^^Kfger  number  of  organisms  at  a  time ; 
henoe  the  opsonic  index "  merely  showw  tlie  presence  of  something  that  aflbots 
ti^  surlisoe  tension  ofthe  bacteria.  The  paper  by  Tait  (1918)  discusses  the  various 
ways  in  whiclj^snrface  ten^KlntenreneB  in  the  phenomena  shown  by  protoplasmio 
systems.  ^ 

The  ''snper-aMohanioal properties"  of  von  UaxkiiU  are  also  suppoeed  to  intervene  in  the 
aetivities  of  more  diflSBrentiateio  ttniotaree,  snofa  as  the  musole  oeHs  of  aotfnla  and  eo  forth  (von 

Ueikiill,  l9(y.K  pp  7i  and  73).  Although  I  lui  unalile  to  folIoAv  tliN  invi  -tiL'a'or  «o  far  as  to 
dmy  aUpoasibility  of  iuture  explaDation,  there  is  no  doubt  tlmt  simple  pruioplasm  presents 
very  diflonU  probleme.  It  is,  in  fact,  at  preeeat,  impossible  to  understand  how  a  liqnid,  the 
propertiefl  of  whieh  protoplasm  presents,  as  we  shall  si  t<  in  a  later  page,  can  form  organs  at  alL 
At  the  8ame  time,  it  must  not  be  forgotten  that  the  comp<wition  of  a  liquid  system  in  nut  of  neees- 
•ity  the  same  throughout ;  a  drop  ofoil  may  be  floating  in  dilute  atcohoL  The  various  vacuoles 
in  amoeba  do  not  tiu  oontain  the  same  snbstanoet  in  soliitiQO,  as  will  be  seen  in  a  later  chapter. 

Animals  and  plants  are  units  In  funsaewellasin^Nictf;  they  are  compared  to  a 

irf^lodv  in  music,  whereas  machines  are  merely  units  in  space.  It  is  supposed  that 
the  iuanan  mind  is  unable  to  concmve  such  existences  (see  v.  UexkuU,  1909, 
p.  28).  But  surely  units  in  time  are  not  wanting  in  the  inorganic  world.  An 
atom  of  radium  has  arisen  from  uranium,  through  an  intermediate  element^  at  a 
certain  time  in  pa-st  ages;  it  changes  again,  at  a  defniit^  rate,  into  helium  and 
niton,  while  the  latter  subsequently  disintegrates  into  other  elements. 

According  to  Rutherford  (1913,  p.  6ft8),  the  life  of  uranium  is  about  1,000,000  yt  irs  ;  tliat 
of  ionium,  100, OUO  years;  that  of  radium,  3,000  years;  that  of  nituu,  5*55  days;  ttiat  of 
ndiara  A,  4*32  minutes  $  that  of  other  intermetlmts  prodnots  to  rsdiam  F  (poloninmh  199  days} 
•nd  it  is  probably  finally  oonverted  into  lead. 
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Moreover,  it  is  characteristic  of  inattor  in  the  colloidal  sUito  (hw  f  'fmpter  IV.) 
nob  to  be  in  permanent  equiUbrium — it  xa  what  has  been  called  a  "non- 
oonservative  system/'  It  will  become  plain  in  h^wr  parts  of  this  book  how 
large  a  part  colloidal  pheuoinena  play  in  the  life  of  the  cell.  Van  Bemmeleii 
(1910,  pp.  230-2315)  sliowed  in  1896  that,  if  a  preparation  of  colloida]  hWwa 
as  a  moist  jelly  Ix;  taken  and  exposed  to  air  conUiining  various  j>tircorita^es 
u£  water  vapour,  tiie  amount  of  water  contained  iu  the  colloid  varies  uontinuoiiHly 
with  the  tension  of  the  aqueotis  vapour.  Bot  the  point  of  importance  in  tlte 
poesent  connection  is  that,  in  certain  regions  of  the  Curve^  the  amount  of  water 
present  in  the  colloitl  at  a  given  tension  of  watf*r  va|)our  is  not  the  same  if 
the  silicic  acid  has  previously  U^n  exposed  to  a  lower  tension,  as  it  is  if  it  has 
been  exposed  to  a  hi<^her  one.  For  example,  if  it  has  previously  betm  iu  a 
drier  atmosphere,  and  is  then  placed  in  one  with  a  tension  of  water  vaponr  of 
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FlO.  4.    WaTEB  OOKTmHT  or  a  StLtOlO  AUD  OKL,  in  t:vl'li'ii)RI('M 
WITH  DIFTBRBNT  TBMSIOJIS  OF  WA«tR  TAPOUR. 

OffdiiulM->'itniIoii  of  witer  tapour  in  ttOllaiilnislnienMvy. 

AbsdaMB— water  content  of  i^i :  A,  wbcn  t«pM<d  to  liwrwriiig  tCMloM;  wten 
•xpoMd  U>  dflOreMtjig  temiiotM. 

String  "  hyatetMbL"  Inorfanio  tyBtenM  hAv«  time  faoton  and  "life  hintoriMk"  Thua, 
from  the  wat4^r  content  cv>nvH|M>mtiiitf  to  a  teo^n  ol  6  mm.  Hg  (Diid  heigfit  «4 
Sgure),  we  have  intoniialiuii  •»  to  whetber  the  previoue  hktorjr  nu  been  one  «1 
expomre  to  inorciMing  or  to  decreiMiiig  temion  of  waUr  vapour. 

(From  van  Bemmelen'a  fig.  12,  ittlO,  p.  247.) 

6'3  mm.  Hg,  the  water  contained  in  the  gel  (a)  (Fig.  4),  after  it  has  come 
into  e<|utlibnum  with  the  gas  pha.se,  is  'less  than  one  half  of  what  it  is  if 
placed  in  the  same  atmosphere  after  previous  exposure  to  one  of  a  higher  water 
vapour  tension,  say  of  127  mm.  Hg  (b).  Accordingly,  if  such  a  gel  be  placed  in 
a  water  vajx^ur  tension  of  6*3  nun.  or  therealxntts,  infurmntion  vm  Ite  obtain»y1  of 
its  previous  history.    The  phenomenon  here  described  is  known  an  "  hystortoiis." 

Again,  it  has  been  held  that  an  organism  dilfora  from  aoa*living  matter  in  that 
its  state  at  any  mofoent  de(>cruls  not  only  on  its  previous  history,  but  also  on  its 
future  history.  Here,  also,  similar  ccmditions  are  not  imknown  in  pure  chemistry. 
The  relative  coiicfiitiation  of  the  conijMinents  of  a  reversihle  reaction  is  determimxl 
at  any  time,  not  only  by  the  iniimi  state,  but  also  by  the  tinal  state,  namely, 
that  of  equilibrium.  The  rate  at  which  acetic  add  and  methyl  alcohol 
combine  to  form  the  ester  depends  on  the  distance  from  the  final  state  ;  if  one  may 
use  n  metaphorical  ezpreasion,  this  final  or  equilibrium  state  is  foreseen  from  the 
very  begiuuini^i 


Digitized  by  Goo 


PROTOPLASM 


5 


STRUCTURE  OF  PROTOPLASM 

There  is  one  fact  about  which  there  can  be  no  doubt,  that  is,  that  protoplasm 
behaves  as  a  hquid.    This  is  shown  by  the  spherical  form  taken  by  drops  of 


Fuj.  5.   Celi^  of  staminal  ifAiRS  or  Tradkscantia  virc.inica. 

L  Norra»I  eell  -a,  cell  wall ;  h,  nurleiin;  c,  protoiilasni ;  (/,  wa\e  of  oonlraction  in 
protoplamn  :  e,  web  liko  pUt**  ariNinK  from  the  fimion  of  two  fine  thrcvU ; /, 
moTini;  brkl^  between  two  Btron^r  protoplMniiv  currents.  I/eni^th  of  cell, 
0-3  mm. 

t.  Somewhat  yonnjfor  cells  exHted  b*'  induction  iihookit  inrftllel  to  lonir  axia. 
A,  «hork«of  morlerate  iitren>rth ;  B,  strontjer  Bhocka.  In  ('the  protopiMm  in 
co«{nilAted  by  ruptare  of  cell  and  entrance  of  water.  liCUirth  of  cell  A, 
0146  mm. 

(Kiibno,  18G4,  PI.  i.  figs.  1  and  4.) 

watery  fluid  when  they  are  enclose<l  in  it  (Figs.  1  and  3).  These  drops  must 
therefore  be  free  to  take  the  form  conditioned  by  surface  tension,  and  hence  no 
fixed  or  solid  structures  can  be  present  to  deform  them,  unless  these  structures  are 
themselves  freely  movable.    Further,  when  the  fine  particles,  present  in  ceitaio 
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parU  of  protoplasmic  organisms,  are  examined  under  the  microscope,  they  are  seen 
to  be  in  constAnt  movement.  This  phenomenon  was  first  noticed  by  the  botanist, 
Brown  (1828,  p.  359),  and  is  therefore  called  "Brownian  movement."  Its  nature 
will  be  discussed  in  Chaptt^r  IV.,  but  its  existence  shows  that  the  particles  in 
question  are  suspended  in  liquid,  and  not  held  in  a  network  or  other  kind  of  fixed 
structure.  On  the  death  of  protojdasm,  as  Gaidukov  points  out  (1910,  p.  G2),  the 
movements  cciise,  and  a  precipitation  or  coagulation,  like  the  "setting"  of  gelatine 
wlien  it  cools,  occurs ;  in  the  words  of  Graham,  the  hydrosol  has  become  a 
hydrogel. 

Further  evidence  in  tlic  same  direction  is  afforded  by  the  mode  of  response  of 
protopla-sm  to  an  electric  shock.  When  such  a  stimulus  is  sent  through  an  amoeba, 
it  is  made  to  draw  itself  together  so  that  its  surface  shall  be  the  least  possible, 
in  fact  it  becomes  more  or  less  spherical  (Kuhne,  1864,  p.  32).    This  would  be 

impossible  if  structures 
incapable  of  movement 
over  one  another  were 
present.  Similar  changes 
are  seen  in  the  staminal 
hairs  of  Tradescantia 
(Fig.  5). 

Certain  organisms  known 
as  mycetoaia  in  one  stHge 
of  their  life  history,  form 
niiisscH  of  naked  pnitoplosm. 
One  of  those,  BadhamiA, 
found  on  logs  of  decayed 
oak,  was  investigated  hy  A. 
Lister  (1888).  It  is  usually 
full  of  the  dark  brown  spores 
of  the  fungus  on  which  it 
feeds,  but  it  can  be  made 
to  creep  through  wet  ccjtt»»n 
wotil,  which  lilters  out  the 
SIX  ires  and  clarifies  the  proto- 
plasm. It  is  difficult  to 
understand  how  a  suhstAnoo 
other  than  a  liquid  could 
be  separated  up  into  fine 
threaifs,  which  immerliately 
run  together  again  to  form  a 
mass  like  the  original  one, 
but  devoid  of  the  suspended 
bodios. 

O.  L.  Kite  (1913)  sUtee 
that  Congo  red  and  other 
dyes,  injected  into  the  interior  of  an  amoeba,  diffuse  rapidly  throughout  the  protoplasm. 

Although  we  are  thus  compelled  to  look  upon  protoplasm  as  a  liquid,  it  shows 
under  intense,  oblique  illumination  ("  ultra-niicro.scope ")  that  it  is  not  homo- 
geneous like  water,  or  solutions  of  sodium  chloride.  On  the  contrary,  it  contains 
an  immense  number  of  minute  particles,  seen  by  this  method  (also  called  "  dark 
ground  illumination  ")  as  shining  points,  or  diffraction  discs  (Fig,  6).  There  are 
present,  therefore,  substances  in  what  we  shall  learn  to  recognise  as  the  colloidal 
state.  Himilar  conclu.sions  are  drawn  by  Mott  (1912)  from  observations  on  living 
nerve  cells  by  the  same  method. 

Chambers  (1917)  distinguishes  two  kintb  of  particles  visible  in  the  ordinary 
microscope — very  small  ones,  microsomes,  and  larger  ones,  macrasomes.  The  former 
are  stable,  the  latter  very  sensitive  to  injury.  "  Mitochondria "  are  granules, 
apparently  composed  of  albumin  and  lecithin,  which  stain  with  dyes  containing 
diethyl-safranin,  such  as  Janus  green  B  (IToochst).  THiey  are  present  in  the  living 
cell  and  undergo  changes  in  its  activity  (M.  K.  and  W.  H.  Lewis,  1914  ;  Cowdry, 
1916;  Guillermond  (plants),  1920).  For  the  remarkable  "Golgi  Apparatus," 
consult  Gatenby  (1919). 

It  is  unfortunate  that  the  stuily  of  the  phenomena  pre«enle<l  by  living  cells  is  rendered 
difficult  by  the  fact  tlmt  so  little  can  be  seen  by  niicruHCopio  observation.  A  few  words  may, 
therefore,  bo  useful  here  as  to  the  nature  of  microsoopio  vision. 


Fia.  6.    Ckll  or  Spi&ooyra. 

A,  under  ordinary  illumination. 

B,  andcr  hrilliAnt  ilark  frround  illumination  ("  ultra-microacopc  "X 

The  |>rot/)pla«m  appear*  clear  and  Dtnicturelcm  in  A  ;  full  of  minute 
granules  in  B.    length  o(  cell,  OIKM  mm. 

(After  Gaidukov.) 
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MICROSCOPIC  VISION 

Abbe,  as  is  well  known,  atU'inptctl  to  reduce  the  furniation  of  all  images  by  the 
inicro8CO|>e  to  phcnuuiena  of  Uiftraotion.  There  is  no  doubt  of  the  importance  of 
this  point  of  view,  but,  under  correct  methods  of  illumination,  ditt'niftion  may  be 
re<luced  so  far  that  other  moiles  of  vision,  refraction,  and  absorption,  are  pre- 
ponderant Wo  will  first  consider  diffraction.  This  piienomenon  is  due  to  the 
wave  form  in  w^hich  light  is  propagated.  It  may  bj)  roughly  described  aa  the 
property  of  waves  to  Ixjnd  round  corners.  Sound  can  Ixj  heard  from  a  street  at  an 
angle  to  that  in  which  it  is  produce*!,  and  the  fact  is  s^jmetimes  disturbing,  just  as 
the  corresponding  phenomenon  in  vision  through  the  microscope  is.  Another 
instructive  fact  is  shown  by  the  following  case  : — 

Supp<ise  a  deep  buy,  narrowtxl  at  its  opening  to  the  sea  by  two  stone  jetties 
projecting  from  each  side,  and  leaving  only  a  small  passage  Ix^tween  them  (Fig.  7). 


Fio.  7.    Diagram  to  iixustratb  diffraction  of  waves  of  tub 

SKA  KNTKRINO  A  HARBOUR. 

Waves  approaching  from  the  open  .sea  pass  through  the  gap,  and  spread  out  inside 
the  harbour  somewhat  as  representetl  in  the  diagram.  An  observer  at  a,  supposing 
that  ho  ^id  not  look  at  the  opening,  would  obtain  no  evidence  of  its  width  from 
the  waves  arriving  at  hia  feet.  On  the  other  hand,  supposing  that  a  close  fire  of 
bullets  were  directed  at  right  angUss  to  the  jetties,  those  that  reached  a  cliflf  face 
.at  A  would  show  the  width  of  the  opening. 

In  a  similar  manner  light  waves  bend  round  the  edges  of  objects,  and  diminish 
the  sharpness  with  which  images  of  these  objects  are  formed  on  the  retina. 
Blurred  and  incorrect  definition  of  the  Ixjundaries  of  objects  are  only  too  frequently 
seen  in  published  photographs  of  microscopic  preparations.  When  such  prepara- 
tions have  a  regular  pattern,  such  as  the  shells  of  diatoms,  a  numl>er  of  totally 
distinct  images  may  be  formed  according  to  the  position  of  the  objective. 

Apithy  (HX)1,  p.  ."iH)  dosoribes  tho  following  exiHjriment.  A  dintoni  of  (XMirne  structure, 
snch  a8  Tricemlinm  favun,  is  olwcrvod  by  an  apochrnmatic  objective  of  16  mm.  focus,  and 
ocular  8,  12,  or  18.  'f he  RubstHgo  iris  is  narrowed  Uj  O".*)  nun.  in  onlcr  to  give  a  narrow  cone  of 
light.  It  will  bo  found  that  no  U\sa  than  fifteen  distinctly  diflorcnt  images  can  be  seen,  as 
the  objective  is  raised  and  lowenxl  by  the  tine  ailjustment.  These  images  are  situated  in 
the  course  of  a  movement  of  about  2.'>0jit,  whereas  the  total  thickness  of  the  diatom  is  only  4  m, 
BO  that  they  cannot  be  due  to  diiFerences  of  structure  in  the  depth  of  the  diatom  itself.    At  the 
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Fio.  8,  Kkai.  ima<:k  of  <>nk  or  the  secthin.s  or 
Anmis  niKruAtTioN  PiiATK. — Photograplml 
with  Ixiitz  ,'«■''>•  immersion,  pr<»jectioii 
iH*.  4,  Powfll  and  I>:alaiKl  condenser,  full 
aperture  of  iris. 


I 


Fio.  9.     Fol'R  I»lFKKA<TION  IMAOKS  OK  TIIK  SAMK  PAKT  OF  THK  IM.ATK  AS  FIO.  8. — 

}'hot4i>!raph(Hi  with  narrow  illuiiiiiiat iiig  cone.  The  iinageH  were  Uiken  first 
with  Zci8.<)  16  mm.  a|KX'hromntic  lens,  projection  oc.  4.  No  condenser, 
pl<ine  mirror,  iriw  aperture  ahout  O'TA  mm.  The  negatives  were  then 
cnlurgiHl  to  the  Kame  magiiitication  as  the  real  imago  in  preceding  figure, 
that  18,  370  <liam.  Each  divinion  of  the  scale  corresiwnda  to  26 /i.  Tne  series 
of  images  were  obtained  hy  raising  the  objective  through  the  space  between 
real  focus  and  one  thin!  of  a  millimetre  above.  The  lower  right-hand 
ininge  is  that  at  the  highest  }H)sition  (one  thinl  of  a  millimetre)  above  the 
focus. 
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lowest  aad  hi^eafc  |joriitiuas  o£  the  nbjective  no  real  image  can  ioiiiied,  by  refraction,  witiiui 
tht-  tabe  of  tn0  mioroaoope.  As  the  inn  in  upenod,  the  number  of  sepArate  inmge*  diminishes. 
The  same  faotfl  are  even  Iwtter  shown  by  the  iih«'  <>f  Abln'-'s  diffriiction  plntr,  .ih  HUj)]»li«<l  by 
Zeis*.    One  of  the  figures  on  this  plato  oonHisU  of  a  scriu.-;  uf  i  lximbii;  clwii  4»l<Uiuie<i  by 

removing  the  silver  coating  by  scmtc-hini;  n  set  uf  cnjtuiiiig  linen  an«l  then  iirenAring  ft 
pbotognphic  negative.  The  real  struoturo  i8  shown  in  ihu  phutogrHpii  uf  Fig.  H.  Witli  narrow 
iria,  as  in  the  previous  case,  a  number  of  diflferent  images  can*he  obtained,  four  of  which  I  have 
photographe<l  in  Kig.  9.  Mnn-  dclnilH  will  Ik;  f-nind  in  an  (irticlo  by  J.  \V.  SU;phen8on  (iH77, 
p.  87).  The  iaots  iciven  hero  are  KuHii  imit  tu  ahuw  that,  by  dilfraotiou,  atruoturos  can  be  seen 
which  are  qnito  mtfika  theae  aoiaallv  present.  It  will  be  noted  that  the  condition  favouring 
their  produrtinn  is  that  of  a  narn)W  cone  of  illumination,  duo  to  a  '^m;il!  afwrturf  of  tlif 
Hul^itagci  iris  diaphragm.  JSome  iiitertaitiug  pkotugraplis  uf  diffrautiou  images  will  tie  found 
in  Kdxer'a  **Light"  (p^  43S).  In  these  caaw  the  images  are  more  or  leaa  similar  to  the 
rf'Hl  r<'';ecta» 

,  The  presence  of  <lirt<>rint  structures  in  a  cell,  even  Rupposing  Unit  they  are 
co!oiirU's.s,  can  1m>  det^^-tcfl  if  they  have  rffrnclivfi  imlicfig  difiering  from  that 
of  the  surrounding  Hubstanc«.  Light  rayn  will  be  ded(%tod  aud  give  rise  U> 
darker  and  lighter  vpaoes. 

Colourleiss  glass  beails  in  air,  observed  under  transmittcfl  light  by  a  low  power  lens,  show 
dark  and  light  rinm ;  if  immersr-d  in  oW  nf  the  ratiw  n-fi.K  livo  index  as  tlicnutelves^  they 
becomr-  invisible.    Ordinary  iramt'i  sion  nil  is  \  viy  nearly  ( <)i  r«'i:t  fur  this  pur|Ki*>t*. 

Kow  uioht  of  the  various  structure^*  in  living  cells  pos-se^s  very  nearly  the 
tMm  refractive  iiM^z,  a  fact  which  renders  this  mode  of  tuicrttscopiu  visiou 
of  limited  use.  Moreover,  even  when  images  are  seen,  they  have  only  an  indireclr 
relation  to  the  forms  of  the  objects  tiiemselves,  as  is  evident  from  the  appearance 

of  beads  ill  air  by  transmitted  light. 

Suppose,  however,  that  in  the  above  expcriiueut  we  take  coloured  beads. 
It  will  be  Hound  that,  when  immersed  in  oil,  a  beantifully  clear  and  distinct  image 
is  obtained,  whereas  in  air  it  is  obscured  by  refraction.  This  shows  what  is  to 
lif  aimoti  at  in  micro-'  pic  oliservation.  Put  shortly,  we  desire  I'olou red  objects, 
mounted  in  a  uicfliuni  of  the  siuur  refractive  index  ivs  them.selve.s,  an<l,  to  ;iv(»iil 
diffraction,  illutninuted  by  a  wide  angled  cone  of  light.  Tliis  latter  is  oblaincii 
in  **criiieal  ittuminaUonf**  by  which  an  imago  of  the  source  of  light  is  produced, 
in  or  veiy  close  to  the  plane  of  the  object,  by  a  substage  condenser  with  iris 
opcTwl  as  widely  as  the  numorir.il  njMMturo  of  the  objective  will  |>friiiit.  For 
details  the  toxtlxKiks  must  Imj  consulleil  (for  exanuilo,  Spitta's  *' Microbcopy," 
pp.  209-226).  It  is  sufficient  here  to  emphasise  the  fact  that  if,  in  a  particular 
case,  the  light  of  "critical"  illumination  is  too  brilliant,  it  must  not  be  reduced 
by  narrowing  the  iris,  nor  by  putting  the  condenser  out  of  focus,  but  by  the 
interposition  of  a  serein  of  the  necessary  degree  of  opa*  if  x- 

Ijie  mode  of  vision  by  absorption  of  certain  coutpunent^  ot  light  by  coloured 
.olvjeets  is  therefore,  par  eaeedlence,  the  method  to  be  aimed  at.  Unfortunately, 
it  is  of  but  limited  application  to  living  cells,  where  so  many  of  the  constituents 
are  colourless.  There  are,  however,  two  cases  where  it  can  l^e  used  for  such 
objects,  and  it  is,  of  course,  the  aim  of  all  histolof»ical  stninin'4  proces.ses.  The 
two  cases  referred  to  are,  firstly,  photography  by  ultra-violet  light,  and  secondly, 
intr»-vital  staining. 

ULTRA-VIOLET  PHOTOQBAPHY 

Curtain  structures  in  the  cell,  although  transparent  to' all  visible  wave  lengths 
of  lights  and  therefore  oolourleai,  are  more  or  less  opa<|ue  to  ultra-violet  light.  So 
that  if  our  eyes  were  sonsihvr  to  this  light  the  objects  in  question  woul'i  appear 
coloured.  Now  the  photo;4raj)liic  plate  is  s<»nsitive  to  ultra-violet  iiglit,  and 
Kdhler  (1904,  pp.  129-1G5  aud  27ii-304)  has  shown  the  possibility  of  photo- 
graphing cells  by  this  means.  Fig.  10  gives  phot^tgraphs  illustrating  the  fact. 
It  will  be  noted  that,  although  transparent  and  colourleH^i  to  onlinary  light,  the 
nucleus  is  particularly  opaqtK*  to  li^'ht  of  the  wave  length  of  tlie  ultra-viol»'t. 
Unfortunately,  the  method  lias  not  as  yet  been  mmle  much  use  of,  owiug  to  the 
necessarily  elaborate  nature  of  tlic  apparatus  required. 

Rstatsd  to  the  method  described  abore  is  that  In  which  thejfHoreseeaer  produesd  by  ultra- 
I  A 
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violet  light  when  impinging  on  various  substances  is  observed  by  the  microscope.  The  colour 
of  the  light  enntle«l  by  these  fluorescent  substances  differs  according  to  their  comptisition,  no 
that  it  may  bo  possible  to  detect  the  presence  in  the  living  cell  of  substances  otherwise 
invisible.  Further  information  will  Ije  found  in  Cliaplcr  XIX.,  and  in  the  papers  by 
Stubel  (1911),  and  by  Hcim<tadt  (l!)ll). 


Fig.  10. 

1  and  2.  Divirtin?  nuclei  from  trill  plate  of  StOiin)anil<>r  larva.    Unstained,  in  jrlycerol.  Pholo- 
tjraphfi  with  ill  ira- violet  lijrlit  ol  280  mm-    The  clironwtie  milmlanfe  apix-ars  ast  i(  !>taitn-<l. 

5.  Edpe  of  internal  cartilage  of  NcwL    Livinff.    Photo)fr»phed  with  ultra-violet  light.  The 

nuclei  are  o|Nique. 

i.  The  sante.    Photo>fraphed  with  ordinary  lij^'ht.    The  nuclei  are  trannparent. 

6.  Ile<l  l»lrx»d  <x>rpii»cle«  of  the  Newt.    Livinif.    Photof^phed  with  ordinary  liRht.  Althmiirh 

olili>|ue  illiiniination  was  use<l,  the  nuclei  arc  almost  invisible.  Traces  of  diffraction  are 
ceen  aronnd  the  corpuscles. 

0.  AmiclMi.    Living.    Pboto^phcd  with  ordinarj-  li|;ht.   The  nucleus  is  Just  visible,  but 
trans|Nirent. 

(Nos.  1  to  3  after  Kuhler.) 


INTRA  VITAL  STAINING 

T!ie  Kocond  niotluMl,  timt  of  sUiining  tho  living  cell,  has  been  of  inucli  service. 
Ehrlirh  (1886)  was  the  first  to  show  that  methylene  blue  stJiin.-i  living  nervous 
structures. 

A  simple  way  of  observing  thin  fact  is  given  by  Miehoelis  (104)2,  p.  99).  A  short  piece  of 
the  intestine  of  a  njouse  is  placed  for  about  half  an  hour  to  one  hour  in  a  solution  of  niethylen* 
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blue,  containing  one  part  of  tho  dye  in  20,<X)0  of  physiolopical  saline.  It  in  then  slit  open 
longitudinally  and  npreud  upon  a  slide  with  the  serous  coat  uppermost.  A  glass  cover  is  laid 
upon  it  with  slight  pressure.  A  little  thick  gum  at  the  angles  will  serve  to  keep  it  in  place. 
Tnis  prci>aration  can  be  viewed  even  with  an  immersion  leris,  Tho  plexus  of  nerves  will  be 
distinctly  seen. 

Sabscquently,  Ehrlich  Iiiiuself,  followed  by  other  workers,  found  that  various 


Fio.  11.    Portrait  of  Paul  EiiRUcn. 


other  dyes  are  t«kcn  into  living  cells  and  deposited  in  them.  Instances  will  be 
found  in  other  partM  of  this  book.  Special  structures  have  l)ecn  found  to  be 
stained  by  jwrticular  dyes,  and  valuable  information  obtaine<l  (see  the  l^k 
by  Goldmann,  1912).  In  the  present  state  of  knowledge  of  tho  physics  and 
chemistry  of  the  cell  it  is  impossible  to  make  definite  statements  as  to  the 
moaning  of  this  specific  staining  of  certain  structures  by  particular  dyes.  Ehrlicli 
holds  that  the  dyes  have  .special  affinities  for  certain  "side-chains"  of  the 
protoplasmic  molecules  ;  but  recent  work  has  .shown  that  many  other  conditions 
also  play  a  part,  such  as  solubility,  elcctiic  charge,  diffusibility,  and  so  forth. 
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It  is  difficult  to  see  what  purely  chemical  relationship  can  exist  between  complex, 
substituted  diazo  sulphonates,  as  a  largo  number  of  these  specific  dyes  are, 
and  the  chemical  constituents  of  cells.  Moreover,  although  methylene  blue  and 
other  thiazines  are  H|)ecific  vital  stains  for  nerve  tissue,  certain  safranin  azo-dyes — 
diazingrcen,  for  example — which  have  no  chemical  relationship  to  the  former,  are 
also  vital  nerve  stains,  while  similar  compounds  of  the  same  safranin  series  have  no 
such  property  (Michaelis,  1902,  p.  lOi).  At  the  same  time,  one  must  not  be  too 
dogmatic  where  so  little  is  definitely  known.  It  will  be  necessiiry  to  discuss  this 
que^stion  further  in  later  chapters,  and  we  shall  see  also  that  the  conception  of  giant 
molecules  in  the  chemical  sense  has  very  little  evidence  in  its  favour.  For  the  present, 
it  suffices  to  j)oint  out  the  fact  that  this  specific  affinity  of  dyes  to  particular  struc- 
tures exists,  whatever  may  be  its  explanatioii.  H.  M.  Evans  (1915,  p.  255)  con- 
cludes that  it  depends  on  physical  conditions,  not 
on  "  chcmo  receptors." 

Much  caution  must  be  exercised  in  the 
interpretation  of  the  results  obtaine<l  by  injec- 
tion of  dyes  into  living  organisms.  Very 
few  are  entirely  devoid  of  poisonous  properties, 
some  are  very  toxic,  so  that  when  any  one  of 
these  is  found  within  a  cell  we  have  no  means  of 
knowing  with  certainty  whether  it  found  its  way 
there  while  the  cell  was  still  alive,  or  whether  it 
killed  the  cell  first  and  then  subsequently  found 
its  way  to  the  inside,  unless  we  have  some 
criterion  as  to  the  vitality  of  the  cell  at  the  time 
when  it  is  examined.  This  is  to  a  certain  degree 
possible  in  the  case  of  unicellular  motile  organ- 
isms, but  in  the  case  of  the  tissues  of  the  higher 
organisms  the  difficult}'  is  obviously  greater. 
Evidence  may  be  obtained  by  the  investigation 
of  the  permeability  of  the  cell  with  respect  to 
innocuous  bodies,  by  methods  to  be  referred  to 
in  Chapter  V.  It  is  clear  that  a  dye  cannot 
stain  any  constituent  of  a  cell  if  unable  to  pass 
through  the  covering  membrane,  but  it  is  not 
always  possible  to  be  certain  that,  when  it  d«>e8 
pass  through,  this  happens  without  previously 
proilucing  changes  in  the  membrane  itself.  The 
dye  may  alH<»  Ikj  able  to  pass  through  the  noimal 
membrane,  but  may  kill  the  cell  when  it  reaches 
the  internal  structures.  Statements  are  some- 
times mafle  with  regard  to  the  permeability  of 
cells  to  dyes  without  taking  due  account  of  these 
possibilities.  Many  dyes,  such  as  methylene  blue, 
ai"e  reduced  to  colourless  derivatives  by  certain 
cells  while  alive,  but  not  when  dead,  so  that 
reducing  power  in  these  c;ises  may  be  used  as  a  criterion  of  vitality  (Michaelis, 
1902,  pp.  101  and  104).  The  living  nucleus  appears  to  be  unstainable,  so  that 
when  wo  see  it  begin  to  take  up  pigment  we  have  warning  of  the  death  of  the  ceU. 
Neutral  red  is  one  of  the  least  toxic  of  intra-vital  stains. 

Fixed  cells  behave  U)  dyes  quite  diflfcrently  from  living  cells;  recently  dead,  but  unfixed, 
cells  have  also  propertie«  in  this  respect  unlike  both  thoKe  of  fixetl  colls  and  those  of  living 
cells.  It  iH  probable  that  valuable  information  might  be  obtained  from  more  detailed  study 
of  changes  in  dying  prutoplaam. 

A  portrait  of  Ehrlich  will  be  found  in  Fig.  11. 


I 


K. 


Fio.  12,    DiACRAM  or  part  of 

A  CKI.L  OF  SpIROOVRA. 


0.  reticular  on«(^Ution  of  cell  mn, 
M  occurs  aftor  actiou  of  osniic  ocia. 
K,  (mttvi  of  the  "dancing"  |iarticliit 
(Urownian  movement),  aa  aeen  in 
the  livinff  cell ;  these  paths  are 
much  loneer  than  the  meahea  of 
4hc  reticul\im,  ao  that  the  latter 
could  not  be  present  in  life  and 
must  \rt  a  product  o(  the  action 
of  the  fixative. 

(After  Flemming.) 


FIXATION 

Although  protopljvjm  shows  so  little  structure  in  the  living  state,  it  might 
be  thought  that,  by  use  of  fixing  and  staining  re^igents^more  could  be  made 
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•  Fio.  IS. 

6.  e,  and  d,  forms  of  precipiUt«  in  5  per  cent  albuDioae,  dinolved  in  0*2  per  cent  potanium  hydroxide,  when 
acted  on  by  diOerenl  re»trenU.    Ma^ifled  about  6UU  diam. 

Uj,  with  1  per  cent  platinum  chloride. 

b»  with  Fleniniin^'B  solution. 

«,  with  0*6  per  cent  chroniio  acid. 

«l,  with  Altmann'a  mixture  of  potassium  bichromate  and  oemic  acid. 

f,  SO  per  cent  albumooe,  faintly  acid,  precipitated  by  mercuric  chloride,  stained  with  iron  haematoxylin  and 
then  differentiated.    Note  fuaion  of  (floLulee  to  torui  a^fifi-eifates  (a  and  6). 

(After  Alfrofl  Fi.scher.) 
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Fio.  14.    Dirrr.RKNTiAr.  stainimo  of  oranhles  roN.m.sriKo  o? 

SAMK  SUBSTANCE,  ACCUKDI.SU  TO  THEIK  niHENSIONS. 

40  per  oent  albumnaie,  acted  on  flmt  by  2*5  per  cent  |¥)tajiiiuni  bichromate,  whirh  caueed 
turbidity,  merely,  in  the  solution.  Hubee«|uent  acidification  with  acetic  acid  cau«ed 
|M-ec-ipitation  of  irranuleM  of  trreat  variety  m  sixe.  In  a  a  pre|taration  of  thiw  mixture 
WM  Ntaincil  by  Hemminif's  method  in  inverse  ortlcr  of  dyej«,  namely,  (fentian  violet, 
aci<i  alcohol,  tiafranin.  b  wajt  Ktaiiied  in  the  UMual  order  with  Mfranin,  acid  alcohol, 
gentian  violet  The  darker  ifranulea  in  the  flirurea  must  be  i>upi>oM'd  to  lie  of  a 
Tiolet  colour  :  the  |>iler  ones,  red.  In  a  the  small  (rranules  are  red  ;  the  larirer  one** 
violet.  In  b  the  oppottite  is  the  caoe.  Stainini;  with  different  dyes  ban,  thus,  no 
ry  relation  to  diflerenoe  o(  chemical  nature. 

(After  Alfred  Fischer.) 
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out.  Inveatigfttions,  especially  by  Hardy  (1899,  pp.  201-210)  and  by  Alfred 
b^ischer  (1899,  pp.  1-72  and  202-336),  have  shown,  on  the  contrary,  that  the 
structures  obtained  in  this  way  are  pro<iuced  by  the  reagents  used,  and  that 
quite  different  appearances  are  found  in  the  same  kind  of  cells  according  to 
the  fixing  suI)stanco  usetl.    A  few  facts  will  suftice  t*>  demonstrate  this  fact. 

Flemniing,  in  1H82  (pp.  ftO  and  51),  tHitice<l  tliat  the  cell-Huu  of  Spirogyra,  which  was  a  clear 
hquid  containing  ixirtitUcit  in  Hrowniun  niovfrnent  during  liiv,  lM.'ean)e  a  rigid  network  aft«r 
truatnient  with  osMiic  acid  (Fig.  12). 

Alfretl  Fi.scher  (I8i>9,  p.  34)  takes  a  cl^ir  sohition  of  alhutnosc  and  acts  up«)n  it  with  various 
fixing  reuguntA,  obtaining  vnriouH  kinds  of  structures,  as  slutwu  in  Fig.  13. 

Aloreover,  a  honiogentvtuH  mixture  of  albumoso  and  seruni  albumin,  trt'atwl  by  Allniann';; 
oamic  and  biehi'omatu  mixture,  gave  a  structure  consisting  of  granules  emijedded  in  a 
matrix  of  a  Hne  reticular  structure.  These  two  structures  could  l>e  stained  in  different 
colours  by  the  usual  histological  metlKxls  (Fischer,  op.  cit.,  p.  53,  and  Fig.  5  of  the  plate 
in  his  booL). 

Again,  if  a  mixture  of  different  si^A^  of  granules  of  the  same  substance,  say  albuniose 
precipitate*!  I»y  platinum  chloride,  bo  stained  with  methyl  green  and  fuchsin,  the  large  granules 
can  lie  stained  ^reen,  and  the  smaller  ones  red,  or  vice  versa  (Fig.  2U  of  Fischer's  coloured 
plat«.    Similar  hgures  are  repnMluced  in  monochrome  in  our  Fig.  14). 

Thus,  after  fixation,  neither  the  form  nor  the  staining  properties  give  correct 

information  as  to  the  relationship  of  the  con- 
stituents of  the  original  system. 

Hanly  has  shown  (1899,  pp.  163  and  184) 
that  when  substances  similar  to  protoplasm  in 
many  of  their  prop<;rties,  such  as  gelatine  or 
egg-white,  are  acted  on  by  fixing  reagents,  a 
separation  t)f  the  solid  from  the  liquid  occurs, 
so  that  the  fonner  is  obtained  as  some  kind  of 
a  framework  which  holds  the  liquid  portion  (or 
Fio.   ir>.     DiAORAM  TO  IM.US.      "  pba.se ")  in  its  interstices.    Now  there  are 
TRATK  KELATioN  OK  i']iASt':8  IN      ^^'<>  different  kinds  of  structures  which  it  is 
coi.uiiDAi.  HvsTEMs.  of  soHio  importance  to  distinguish  from  one 

If  the  ttiiu'k  b«  r<vv^i<^i  iM  the  solid  i>)iaMe,      another.     When  a  13  per  cent,  solution  of  i 

the  whit*"  OM  the  liiiuid  |tha»f,  then  A  i   4-        •       11         1   1      /,     »  »»  1  ■  I 

re|.r.-*iitH ttfM.niiiiarv hydrtwoi, muh a»     gelatine  IS  allowwi  to  "set    by  cooling,  there 

'\  *  separation  of  the  .solid  from  the  liquid  I 

of  ail  aiv(>oiar  or  honeycomb  •tructure,      phase,  but  the  latter  Cannot  be  .squeezetl  out 

!::ore?.:!:i';ii?,3r^ «ven  by  a  pre.ssure  of  twenty-six  atmaspheres. 

solution  of  K'l  iatuie  when  cooM.  Whercas,  if  the  jelly  be  fixtnl  by  formaldeh^'de, 

the  liquid  can  be  presse<l  out  by  hand.  The 
two  kinds  of  structui-es  are  known  as  vesicular  and  sponge  like.  The  essential 
difference  is  that  in  the  former  the  liquid  phase  is  in  separate  droplets  each 
surroundetl  by  a  continuous  film  of  the  solid  phase;  in  the  latter,  the  two  phases 
are  reversed  in  jwsition  :  the  solid  phase  is  in  the  form  of  a  network  of  threads, 
while  the  liquid  pha.se  is  continuous.  A  substance,  therefore,  which  passes 
through  a  membrane  of  the  former  structure  has  to  penetrate  through  the 
8oli<l  phase  itself,  while  in  the  latter  structure  it  can  pass,  although  by  a 
tortuous  route,  from  one  side  to  the  other  by  means  of  the  liquid  phase  only. 
In  the  language  of  colloid  chemistry,  one  may  also  put  it  in  this  way:  The 
dispersed  pha.se  in  the  one  is  in  the  position  of  the  continuous  phase  in  the 
other,  and  vice  versa.  The  continuous  phase  is  also  called  the  external  phase, 
ami  the  dispersed  phase  the  internal  one.  The  relationship  between  the  two 
f<»rms  of  distribution  may  be  made  clearer  by  the  diagram  of  Fig.  15,  where 
the  black  represents  the  one  phase  and  the  white  part  the  other  phase.  If 
black  is  solid  and  white  is  liquid,  diagram  li  will  represent  the  vesicular  or 
foam  structure,  and  a  the  network  or  reticular  structure  in  section.  The 
diagram  a  also  represents  an  ordinary  colloidal  solution  or  an  emulsion,  if  the 
black  areas  are  sup|H)sed  to  be  solid  or  numiscible  liquid  respectively.  Clowes 
(1916)  shows  how  these  transjwsitions  of  phases  can  be  brought  about. 

Different  fixing  reagents  produce,  then,  different  kinds  of  structure  in  geUtine. 
Alcohol  or  mercuric  chloride  gives  a  vesicular  or  foam  structure  aud  formaldeliyde 
an  open  network,  as  we  have  seen. 
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In  such  systems  as  thoso  under  discuasiuu  the  Hquid  plmse  ourrespoads  tu  tho  "  iioa* 
sUiaing  "  sutMlance  uf  histolugitit«. 


Fio.         CBU3  OF  OUT  OF  OsiSfTs.  — Strtinod  w\\.h  iron  hfpmatnxylin. 

Drawn  with  cAini-ni  liicid.i. 

A,  after  flxation  with  oxinic  va|iour. 

B,  iiflcr  nxiitiou  witti  mercuric  chloride. 

(Hardy,  1899,  1,  tigs.  IS  and  19.) 

t 

If  we  turn  to  cells  themselves,  wo  find  that  the  same  cell  show?  a  different 
■tructure  of  its  protoplasm  according  to  the  Uxing  reag<'ut  used.    For  example, 
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Fig.  16  shows  cells  of  the  gut  of  On{sc%ts\  a,  after  the  action  of  osmic  vapour; 
B,  after  mercuric  chloride.  Both  structures  cannot  represent  that  of  the  living 
cell,  and  probably  neither  does. 
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FlO.  17.     ChANUES   in  THK  TdRKINJE  CKI.LB  OK  THE  DOfl'S 

<KRKRKM.rM  U>ai'I.TIS«  FROM  MI'SrriJlR  EXERfKSK. 
1.  Normal  wll. 

2  to  4.  I'rojrrofwivp  iiicrpiiMO  in  f>ub<itanr«  sUinitiK^         inrthylene  lilue. 
6.  lAt4«r  Htajre  ((aticuo),  ilisapiicanuicc  of  the  8tAinin>;  Hulmtam-c. 
6.  Still  fiirtli>>r  8taj,'«'  of  fatifnif. 

Willi  the  i«x«  i  |.|ion  of  Nil.  C,  all  were  stainnl  together,  bv  lliM's  iiictlio<l 
on  X  linifle  slide.  '  ' 


(Dolloy,  1909,  figs.  1,  2,  3,  4,  9,  10.) 


Without  the  neces- 
sity of  further  details, 
it  may  be  said  that 
if  we  find  vesicular 
(Butschli)  or  network 
8tructun»-s  in  fixed 
*protopla8m,  wo  are 
not  entitled  to  assume 
the  pre-existence  of 
similar  structures  in 
the  living  state. 

What,  then,  are 
we  justified  in  con- 
cluding from  the  ap- 
pearances presentetl  by 
fixed  tiasues  or  cells  ? 
This  much,  of  course, 
is  clear,  that  tiiere 
must  have  been  some- 
thing present  in  the 
living  cell  to  give  rise 
to  the  fixed  structure; 
although,  without 
further  evidence,  we 
cannot  assume  that 
there  is  any  similarity 
between  the  two. 
Moreover,  when  we 
find  in  cells  of  the 
same  kind,  fixed, 
stjiined,  and  treated 
in  the  same  way,  the 
presence  of  something 
in  certain  cells  absent 
from  others,  we  may 
rea-sonably  draw  the 
conclusion  that  some- 
thing has  liappened  in 
the  first  which  has 
not  happened  in  the 
second.  On  the  other 
hand,  we  must  not 
assume  that  what  we 
see  is  the  same  thing 
as  the  change  which 
hat!  taken  place  in  the 
cell  before  fixation. 

To  take  an  instance. 
Fig.  17  repreaent.s  the 
Purkinjo  Cflls  of  the 
doc's  eerclxillum.  l>eforc 
and  in  different  stages 
of  fatigtio,  produced  by 
muscular  work.  We 
notieo  that  there  i«,  at 
first,  an  increane  of  some 
8ub8tanc«   which  staioy 
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deeply  ("Nissl  bodies bat  wbidi  ftftonnwdB  dinppean  Almost  entirely.   WheCher  thii 

aomething,  which  8ppf>fir:=<  and  disappears,  waa  origiiiiilly  prefient  in  the  cells  as  aggttKibtod 
ouuaes,  or  aDiformly  diilu«.ed  through  tht»  cell  sul^lauce,  wu  cannot  tell.  From  the  nanal 
ooaguUtinz  action  it  fixatives,  especially  from  the  separation  of  albumo»e  and  serum  aLbumin 
in  A.  Fischer's  experiments  descrilx-d  above  (page  14),  the  lattor  view  is  thu  more  probable. 
Mott  (1912)  and  Marineeco  (1912,  sec  page  47U  beluw),  in  fact,  have  sliuwa,  by  uLsisrvations  on 
living  nerve  oelb  under  dark  ground  illumination,  that  there  are  neither  Nissl  bodiee 
DOT  BOttrafibrile  in  the  living  state.  Fine  ooUoidal  particles  uf  a  Ki>t(  iat  nature  are 
to  be  men,  bat  tiie  protoplaam  ftppean  to  have  the  uniform  geuerdl  uatut-u  uf  au  "  urgauitMHl 
bydienL" 

W«  naj  also  justifiably  assume  when  we  find  structurea  In  the  Mine 

organ  or  cell,  stained  in  difTerent  colours  l)y  ;i  inethiKl  of  double  staining;,  there 
is  some  difference  ^>etween  them,  not  lu  1 1  s^rily  of  a  chemical  nature^  and  the 
structures  had  probably  (|uite  a  difierent  app«>arance  ia  life. 

DEHYDRATION  AT  LOW  TEMPERATURES 

A  method  lias  been  introduced  by  Altanann  (1S94,  pp.  27-29)  which  seeiuM 
to  offer  poeaibilities  lor  the  inveeldg^on  of  the  structure  of  cells  without  the 
use  of  fixing  reagents.  If  &  piece  of  tissue  be  allowed  U)  dry.  at  ordinary 
tooperature,  it  is  well  known  that  it  becomes  so  hard  and  horny  that  it  is 

injjHtssiVi]f  t^)  cut  thin  sections  from  it.  And,  even  if  this  were  ])OssiV)le,  the 
.Htructures  would  be  altogether  distorted.  On  tiie  other  Imnd,  if  dried  over 
pliosphorus  pentoxide  in  txaetio,  at  a  temperature  so  low  th«fc  the  salts  of  the 
tissoe  freese  out  together  with  the  water  (tonning  »  *'eutectic  "  roiztare — see  the 
book  by  Nernst,  1911,  p.  121),  the  cells  are  never  exposed  to  the  action  of 
Baturat<><1  ^nlf  solut!«f!iM,  which  are  formed  when  the  tissue  is  dried  at  ordinary 
tempemtures.  A  temperature  of  -  40  to  -  30'  C.  is  found  to  be  low  enough.  The 
tension  of  water  vapour  at  this  temperature,  although  not  absent,  is  very  small, 
10  that^  eveo  wh<ni  aooeierated  by  the  use  of  n  vacuum,  the  dr}nng,  even  if 
very  f^tnall  pieces  are  taken,  lasts  for  four  days  or  so.  Tissues  so  dried  may 
be  directly  impregnated  with  toluene  and  paraffin  at  a  temperature  not  exceeding 
40'  C.  in  vacuo.    Tliey  cut  as  well  as  the  l>e8t  fixefl  and  hardpne<l  preparations. 

This  £sot  I  am  able  to  ooofirm.  My  experimente  wexe  made  by  the  use  of  the  calcium 
eUoride  lank  of  a  oarbon  dioxide  fteer.ing  machine  ;  the  eolation  of  oaloiara  ohloride  was  made 

of  sluih  a  concentration  that  itairee/in^  ]i<  int  was  about  ^.V  C,  ko  that  by  walking  the 
coupresaor  all  day  the  aolutioa  froze,  and,  tieing  well  innulated  from  heat,  the  temperature  was 
■aiatiined  saflieMothr  low  antll  the  next  morning.  The  object  aimed  at  by  Altnuum  Mas  to 
compare  the  action  01  different  fixatives  on  scctioii.s  of  the  same  piece  of  tisinie.  Tin-  wn  tions 
were  therefore  exposed  to  these  reagents  at  unce,  and  no  further  diifioulty  was  met  with. 
My  oh^eot,  on  the  other  hand,  was  to  replace  the  water  lost  in  the  dshydntion  process,  in 
order  to  examine  the  stnictnre  when  unfixeil,  but  a  great  difficulty  was  oxperieneen  owing  to 
the  immediate  di}>integration  of  the  sections  w  hen  brought  into  contact  with  water.  It  n)ay 
be  found  necessary  to  allow  water  to  be  gradually  taken  up  from  ioe  at  tlie  same  temperature 
as  that  at  which  the  dehydration  took  place,  allowing  the  temperature  to  rise  very  slowly,  in 
any  case,  the  method  seems  deserving  of  more  attention  than  it  has  as  yet  received.  Oppor* 
tunitiee  exist  in  laboratories  providea  with  ice-making  machinery. 

That  protoplasm  is  not  killed  by  mere  freezing,  so  long  as  it  ia  brought  rapidly  down  to  the 
evtectic  temperature,  is  shown  by  an  obBervaiion  ny  KUhne  (1804,  p^  101 ).  Some  Tradeeoaatia 
hair:f  wert*  rapidly  frozen  at  -  14"  in  a  platinum  crucibl-  ,  |>t  thus  for  fivo  minutes,  and  then 
examined  in  water.  After  about  ten  minutes,  the  original  condition  of  flowing  protoplasm 
had  retaraed  and  wae  etill  present  twenty-foor  hoars  latM*.  The  faoto  have  an  indnatrial 
application  in  "  briiic  fi /inij;,"  iri  Vi  ftsh.  t-tc,  are  nijiirlly  fro7^n  in  brine  at  as  low  a 
temperature  as  possible.  On  tli&wing,  tlie  UvBh  regains  ita  normal  properties.  Whereas  if 
fnaca  slowly  in  air,  ioe  orysUds  sepatato  and  are  not  reiooorporated  on  thawing. 

GflEMIOAL  NATURE 

By  chemical  analysis,  a  great  variety  of  oiganic  compounds  have  been  obtained 
from  protoplasm.  But  it  is  obvious  that  it  cannot  be  decided  in  this  way  whether 
tbey  were  combined  together  aa  a  "giant  molecule"  in  the  chemical  sensa  The 
wul  component  eloneiits  of  or^nic  compounds  are  present,  together  with  salts^ 
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and  as  mach  as  85  per  cent  tr>  DO  per  cent,  of  water.  Protpins  and  lipoids  **  are 
ewentiat  constituents.    C  arhohydnite  is  prohably  equally  important. 

A  certain  tiieory,  that  uf  ^^bioyen  vutiecidea^"  has  attracted  many  invebtigatura 
(VerwoTR,  1903).  Aooording  to  this  view,  living  matter  cotuista  of  large  mole- 
cules, witii  permanent  central  nucleus,  and  »  great  number  of  *'  side-chains,"  in  the 
clipniieal  sf»nf5e.  'Hiese  HidochainR  ai*e  supposed  capable  of  oxidation,  reduction, 
methylation,  and  so  forth.  Under  certain  conditions,  parts  of  the  biogen  molecules 
may  be  split  off,  but  the  essential  phenomena  of  life  are  associated  with  changes  in 
which  these  giant  molecules  take  part  as  components  of  chemical  reactions,  taking 
{Jaoe  aooording  ti^)  the  ordinary  laws  of  mivss  action,  e<{uivalent  combining 
proportion,  etc.  In  the  tliouglitful  address  of  Prof.  Hopkins  to  the  British 
Association  (1912,  p.  220),  wliich  will  be  read  with  much  profit,  we  find  the 
following  criticism,  which  seems  to  me  to  he  entirely  justified : — 

"  This  view  ooojonves  of  the  unit 
of  living  matter  as  a  definite,  if  very 
large  and  very  labile  moloculc,  and 
conceives  of  a  ma.ss  of  living  matter  as 
consisting  of  a  congregation  of  such 
molecules  in  that  definite  sense  in 
which  a  mass  of,  say,  sui^ar  is  a  con- 
gregation of  molecules,  all  likf  to  one 
anotlier.  In  iny  opinion,  Nucii  a  view 
is  as  inhibitory  to  pi^uctive  thought 
as  it  is  lacking  in  basis.  It  matters 
little  wht'tlicr  Iti  this  connection  we 
spetik  of  a  '  molecule,'  or,  in  order  to 
avoid  the  fairly  obvious  misuse  of  a 
word,  we  use  the  term  'biogen,'  or 
any  similar  expressifm  with  the  same 
connotation.  Especially,  I  l)cHcve,  is 
such  a  view  unfortunate  when,  as 
sometimes,  it  is  made  to  -carry  the 
corollary  that  simple  molecules,  such 
as  tho.se  provided  by  food-stuffs,  only 
suffer  change  after  they  have  be- 
come in  a  vague  sense  a  part  ol 
such  a  giant  molecule  or  biogen.  Such 
assumptions  became  unneces.sary  ns 
s<M>ii  as  wo  learnt  that  a  stable  sub- 
stance may  exhibit  instability  after  it 
enters  the  living  cell,  not  because  it 
loses  its  chemi^  identity,  and  the 
chemical  properties  inherent  in  its 
own  molecular  structure,  by  being 
built  into  an  unstable  complex,  but  because  in  the  cell  it  meets  with  agents  (the 
intracellular  enzymes)  which  catalyse  certain  reactions  of  which  its  molecule  ia 
normally  capable," 

Tf  carbohydrate  utilised  by  the  cell  becomes  part  of  the  protiqplasmio  molecule 
before  oxidation,  it  is  dirticnlt  to  suppose  that  the  nitroi»enons  part  of  the 
mol(H;ule  would  escape  breakdown.  That  this  is  not  so  is  shown  by  somo 
experiments  of  Koefnski  (1902),  who  grew  Aspergillus  in  water,  and  on  sugar 
solution.  In  the  case  of  growth  on  pure  water,  the  carbon  dioxide  given  off  falls 
at  once,  but  to  a  value  which  is  not  zero,  but  about  one  quarter  of  that  when 
grown  on  sui^ar.  This  production  may  |^>os.sibly  be  that  of  the  protoplasmic 
substance  itself.  When  transferred  to  solutions  containing  sugar,  the  carbon 
dioxide  rises  at  onee^  indicating  direct  utilisation  without  previous  combination 
with  "biogen  "  (see  Fi-.  1 8). 

The  use  hv  bacteria  of  erier^'-y  obtjiiiied  frtun  oxirlatinn  of  iiiori/anic  sulphur,  etc., 
is  further  evidence  of  non-oxidation  of  protoplasm  itself.    In  many  of  these  cases. 
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Fig.  is.    Cuanqk  nr  BSsriRATOHY  mrta- 
Bousii  or  Aspntoiixvs  kiokr,  accord* 

IKO  TO  PRMKKCB  Of  OliOUOSK. 

f  h-(liruit<^%— niiilitrniinB  of  cariMNi  dbwdds  par  iMMr. 

ALnt         Uiii«  in  hour*. 

At  ttif  so'oikI  hour,  the  niitrioiit  soiiitioii.  OOOtltlltDf 
tflucosi-,  was  rhaiiiffvi  fi.r  l.\]>  w^ur.  The  «;ombu«- 
tii'ii  )in"  •••sen  illim»'ili;itt  Iv  ili-<  r.  u-«  <l  to  ;i  liiw  It-M  l, 
liUL  Mrr«  aft  xiiiklciilir  rt^u>r«-4,  at  th«  sc-veulti  Itciiir, 
li>  ftddition  of  iioniml  clunow  nutrient  solution. 

There  l»  apparently  no  Btorc  of  food  nMU/rial.  The 
iilea«i^  HUkoll  respiratory  exchanj^  in  thi-  uli^oii>-e  of 
food  w  protebljr  da*  to  oansuini^ion  of  the  organised 
itottofaiMoCtlMi 
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the  presence  of  aagar  appeus  to  be  actuaUy  injurioiu  to  the  growth  of  the 

orgnnif^rn.  Hydrof^en  gas  can  also  Ik)  useil  as  a  source  of  energy.  When  hydrogen, 
oxyguu,  and  carbon  dioxide  are  pro^>ent  toirf-tfirr,  it  la  found  that  th»^  <>xvi,'en  is  used 
up  to  oxidise  hydrogen,  and  the  energy  su  ubiamed  enables  the  carbon  dioxide  to  be 
lued  M  a  sooroe  of  carbon :  the  three  gases  disappear  umiiltaaieoiuly.  Another 
intert'sting  fact  is  that  sulphur  organisms  ah»  require  a  supply  of  carlMin  dioxide 
in  the  form  of  carbonate.    Slcc  alscj  Holingen  (lOOH)  on  inctlmne  as  a  ftiod. 

Evidence  will  be  given  in  Chapter  XX.  and  elsewhere  against  tlie  supposed 
existence  uf  itUra-tnolecular  oxifyen.  in  tact,  a  view  akin  to  that  uf  liufineister 
(1901)  is  rapidly  gaining  ground.  Hofmeister  looks  npon  the  cell  rather  as  a 
Isboratory,  in  whion  various  operations  are  going  un  at  the  same  time,  being  kept 
apart  by  membranes  or  partitions  of  some  Vun\.  Hopkins  (1912.  p.  2*J0)  atlvocates 
the  existence  of  "  interplasmic "  reaction.s,  m  which  suKsUiiices  f«»nned  ))y  pi'ot4>- 
plasui  aro  responsible  fur  chemical  changes  ia  the  cell.  These  reactions,  then,  take 
place  in  interspaces  between  the  protophwmio  molecnleep  or  rather  molecttlar 
aggn^tes,  thems^vei,  DigeBtion  in  foo<l  vacooles  of  Ammba  may  serve  as  an 
iliustration  of  the  pr<K'ess  on  a  rcliitivcly  large  scale.  Other  reactions  may  occur 
in  similar  spaces,  loo  ^uiall  to  be  visible  under  the  microscope.  It  seems  tliaC 
living  matter  is  a  complex  of  associatiou  processes  of  various  types,  in  which 
physical  forces  play  a  large  part,  sack  as  the  sarfaoe  condensation  known  as 
''adsorption''  (Chapter  III.),  and  also  electrical  charges.  These  forces  control  and 
regulate  the  course  of  the  chemical  reactions  (Hopkins,  1912,  p.  218).  In  any 
case  it  is  evident  that  protoplasm,  as  it  presents  itself  in  such  an  organism  as 
AmsAOf  18  a  syston  of  many  components  or  phases,  solid  and  liquid,  minutely 
subdivided  and  intimately  mixed  (see  Gaidukov,  1910,  pp.  61,  62,  74).  In  a 
certain  sense,  therefore,  it  niav  h<*  said  to  have  a  .structure,  and  the  fact  is  t>f 
interest  in  co!inocti<»n  with  .such  cliemical  reactions  as  cea.se  when  the  cell  is 
ground  up  in  a  mortar.  The  cessation  of  the  oxidation  of  lactic  acid  in  umscle 
when  chopped  vp  (Fletefaer  and  Hopkins,  1907,  p.  284,  and  Harden  and  Maclean, 
1911,  p.  45)  may  l^e  referred  to.  The  effect  produced  by  change  of  distribution  of 
phaseH,  as  in  Fig.  15,  must  also  be  Iwine  in  mind.  Vernon  (1912,  pp.  210,  211) 
has  been  led,  by  liis  work  on  the  etl'eet  of  anaesthetics  on  oxidation  in  cells,  to 
auggeflt  the  separation  of  cell  constituents  by  membranes  ol  a  iipiiid  nature,  a  view 
similar  to  that  of  Hofnoeister.  Bachner  (1903,  p.  92)  noticed  that  yeast  oella 
containing  glycogen  showed  no  "  auto-fermentation "  as  long  as  they  were  alive^ 
but.  when  killed  by  acetone,  this  took  place.  Obviously,  during  life,  the  access  of 
zymase  and  other  enzymes  to  the  glycogen  is  not  permitt^nl  i^^  take  place. 

A  diMunioa  of  phiute  reUtions  in  protoploam  with  respect  to  oquilibrinm  ami  energ}*  will 
be  fonnd  in  the  «nay  by  Zwaardoinaker  (1906,  pp.  1S7-1M). 

As  already  pointed  out  above,  protoplasm  usually  presents  the  characters 
of  a  Hqnid,  bat  when  dead  it  appears  to  take  on  a  rigid  structure,  like  melted 

jelly  wfien  it  "sets,"  or  egg-white  when  boiled.  In  this  state  it  is  no  long» 
a  liquid,  and  the  Brownian  movement  of  particles  contained  in  it  ceases^  as 

thev  are  held  in  a  fixed  .structure. 

An  obsenraiion  inade  bv  Gaidukov  (1910,  p.  58)  suggeats  that  such  a  change  mav  take  place 
temponrily  during  life ;  if  lo,  this  may  be  a  means  oflooaUBing  ofaemioal  chragen  in  partionlar 

parU  of  the  cell.  When  protoplasm  prcsrnts  a  free  surface  to  watery  fluids-  it  is  fount!  to 
exhibit  a  continuous  movement.  In  vtigetable  cells  these  moveniufiUi  uru  ut  a  circuiaLiug  ur 
atreMnIng  nature.  Now  Oaidnkov  noticed,  when  ohaerx'ing  tiie  phenomenon  in  Vallimttta, 
that  the  streaming  movement  occasionally  oeaaed  and  only  a  few  of  the  particles  sh(>M<-<i 
Kruwiiian  movement.  Presently,  the  Browntaii  movement  began  to  reappear,  and,  as  it 
increased,  the  streaming  recommenced.  I  have  l>een  able  to  produce  this  reversible  change 
from  aol  to  gel  by  electrical  atimuiatiou  (lU'iO).  It  appears  to  be  a  common  occ  urrence 
In  atatea  of  oell  activity,  saeh  as  dfviafon  and  fertihsation  (dmmbem,  1917.  1,  I^blond, 
1919).  Since  Brownian  niovftniiit  iw  |»t«'.-«»iit  in  tlu-  flowing  pseud(i|K><Ii.i,  thf  view  that 
these  are  not  due  to  cell  activity,  but  to  change^!  of  surfaoe  tension  outaidc  the  cell,  ia 
eonlifnied. 

T!ie  "  Biofien  "  theorv  is  an  efl'ort  to  explain  by  purely  chemical  laws,  faet^  which 
admit  of  simpler  explanaiiuu  it  physical  phenomena  arc  also  taken  account  of.    1 1  is 
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more  than  likely  that  chemical  &cts  will  sooner  or  later  find  their  deecription 
in  terms  of  molecular  physics.  The  enormous  mol<M^ulos  and  aggregates  of 
molecules  which  play  so  large  a  part  in  vital  phenomena  differ  from  simple 
small  molecales  in  that  they  already  begin  to  atiow  the  |nopertiea  of  matter 
in  maai,  especially  thoee  connected  with  the  development  of  snrfaoe.  This  fiwt 
will  be  found  to  account  for  many  otherwiRo  pu/zling  phenomena,  and  cannot 
be  ignored  with  impunity.    Inst-ances  will  be  found  in  later  pages  of  this  Ikh)I?', 

A  few  words  are  advisable.  wiUi  respect  to  the  separation  by  clunnicnl  motliods 
ol  TarioQS  cell  eonstitaents.  The  view  is  held  by  Kanits  (1910,  p.  234)  that  it 
is  impossible  to  obtain  any  such  substance  in  the  form  in  which  it  existed  in 
the  living  cell.  He  calls  attention  to  the  fact  that,  in  the  Ih  ini,'  f^ll,  reactions* 
must  l>e  supposed  to  be  in  continual  progress,  never  actually  arriving  at  ( (juililirium. 
A  system  lu  equilibrium  is,  iu  fact,  dead,  as  will  be  seen  better  in  the  next  chapter. 
But  when  a  cdl  is  acted  upon  by  the  reagents  necessary  to  extract  its  ooo- 
stitattsts,  the  TarioQa  reactions  are  supposed  by  Kanits  to  be  brought  at  once  into 
equilibrium.  The  refl<^rche.s  of  Fl(»tcher  and  Hopkins  on  lactic  acid  formation  in 
muscle,  already  quoted,  show  that  this  is  not  necessarily  the  case.  When  muscle 
is  heated  to  40"  C.  so  that  it  passes  into  heat  rigor,  the  maximum  amount  of 
laotio  acid  to  be  obtained  is  formed  (p.  266)^  about  0*52  per  cent,  aa  sine  lactate. 
When,  on  the  contrary,  tiie  resting  muscle  is  crushed  under  ice-cold  alcohol,  only 
0*02  per  cent,  is  obtained  (p.  260).  Tins  is  sufficient  to  show  that  the  reaction 
producing  lactic  acid  is  stopped,  practically  at  once,  by  destruction  of  the  muscle 
strueture  at  a  low  temperature.  Hie  man^ulatiOD  requisite  to  ertraet  it  doea 
not  cause  the  reaction  to  proceed  to  oomplotion.  We  may  also  eall  to  mind  that 
a  reaction  maybe  stoppetl  at  onrr  by  the  addition  of  a  chemical  agent;  as,  for 
example,  the  hydrolysis  of  cane-sugar  by  the  enzyme  invert-ase,  when  a  mercury 
salt  is  added,  by  which  the  enzyme  is  destroyed  (see  Chapter  X.). 

The  following  conaideratioos,  due  to  Hopkins  (1912,  p.  218),  will  show  thai, 
the  amount  of  a  particular  substance  extracted  from  a  cell  is  no  index  to  its 
inipoi  triTicp  in  the  series  of  reactions  going  on  in  the  Ii\nng  rell.  The  metabolism 
of  the  ceil  undoubte^Uy  takes  place  in  such  a  .series  of  tvactions  that  the  proclucts 
of  one  form  the  starting  point  of  the  next  following.  The  various  component 
reactions  of  this  diain  will  almost  oertalnly  not  progress  at  the  same  rata 
Buppooe^  then,  that  the  first  component  is  kept  constimt  in  concentration  by 
continuous  supyvly,  as  will  usually  b**  the  rAse.  Tlien  the  amount  of  the  products 
of  each  reaction  present  at  any  given  uioiuent  will  be  in  inverse  ratio  to  the  rate 
at  which  they  change  into  the  next  member  of  the  chain.  It  is  dear  that,  in  such 
a  state  of  "aynomie  s^tttftfrrtum,"  the  actual  amount  of  chemical  ohange  taking 
place  in  each  reaction  must  be  tlte  same;  so  that,  if  the  rate  at  which  any 
partirnlar  st^p  is  decomposed  into  the  succeeding  one  is  lea*^  than  tliat  at  which 
it  is  produced  ti-om  the  preceding  one,  there  will  be  a  heaping  up  until  the  larger 
quantity  reacting  will  compensate  for  the  lesser  rate  of  «hai^.  In  symbolio 
form 

£,[  AJ  »  Ks[B]  -  JUjfi]  -  K^D]  .        «  etc 

where  K,,  K^,      K^,  etc.,  are  the  respective  velocity  constants  of  the  reactions^ 

and  [A],  [B],  [Gy,  [D],  etc.,  are  the  corresponding  concentrations,  in  accordance 
with  tlu'  law  of  mass  action  It  is  plain  that,  if  K,  is  small  and  K.,  large,  [A] 
must  Ik*  large  and  [T?]  sinaii,  and  so  on.  One  important  result  of  this  fact  is 
that,  when  a  cell  is  killed,  the  amount  of  any  particular  compound  present  may  be 
yery  small,  although  all  the  members  of  the  chain  of  reactions  may  have  passed 
trough  diis  stage. 

REACTIONS  OF  PROTOPLASM  TO  EXTERNA!.  INFLUENCES 

The  movements  of  naked  protoplasm  have  alr  eady  been  referred  t'^  incidentally. 
For  more  detHile<l  description,  memoirs  such  as  those  of  Jensen  (1902),  Kuhn«» 
(18C4),  pr  Ewart  (1903),  may  be  consulted. 
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Tbeobeervatiuii  ui  ^iiti^tiumeaoo,  attsliuwu  inthetUuninal  hairs  of  TrQde'%cant\a ,  should  bo 
made  by  every  student.  The  hairs  have  only  to  be  monfited  in  w»t4^r  under  a  cowir  glam.  The 
ordinary  Bppciea,  T.  t'»ry»<T""'.  jrrowii  in  most  ganleiiH.  If  the  flowers  f>f  the  greenhtm^ie 
species,  T.  dimxttw^  ajre  availabie,  it  will  bo  easier  to  wma  the  urutuplaBmic  tilaiueuU,  &ini«  the 
oeU<sap  k  ooloiirkHy  inBlMd  tA  beiitg  of  a  purple  ookMr  «■  in  zl 

The  immedkte  eame  of  tbeoe  moyementa  seems  to  be  changes  of  surface 
teoHion,  produced  either  by 

out5iido  influcnccf?  or  in  the 
org.ini^TT^  it«4»1f.  Thr  work 
of  lUiuiublcr  (18U8,  190C)> 
may  be  referred  to. 

A  fjvct  to  he  l)orne  in 
mind,  in  discussing  the 
behaviour  of  anv  ot-ganism 
to  uxtOTLUil  stimuli,  is  that 
the  respoBse  to  similar 
stimuli  m  not  alwaja  pre- 
cisely the  same.  Thoi^  is, 
m  to  s|)eak,  no  fatal  neccii- 
aity  about  the  reaction. 
Thu.  wUl  he  dealt  with 
more  follt^  in  Chapter  X  V  T  , 
but  thr-  nnnjirk  must  Ik> 
made  li^iu  liiul  we  are  uot 
ttwreby  compelled  to  aiimiine 
the prewiiqe  of  a  contr< »:1Iriu,' 
"soul"  or  "Psyche."  Tlie 
fffjtf  nf  fh''  organism  itself 
is  by  no  means  alwa^'s  ideu- 
ticeL  .  No  stimalns,  in  other 
WOrdSi  meets  with  a  react- 
ing system  in  precisely  the 
same  coiiditHm  as  a  previous 
one  did. 

A  sea  nnemonc,  which  has 
been  without  knni  for  some  time, 
reacts  rabidly  to  bite  of  orab 
mea%,  eemng  them  with  ite  ton* 
tacles  and  pushing  th' m  ii  its 
usiriG  cavity.  As  reiH-aUii  pnr- 
Smm  M-e  present*^,  tne  reaction 
become-  -r.iHIually  more  inert, 
until  finally  no  reaction  ia  ob 
tained  at  aU.  The  presence  of 
fi.  .-1  in  Rome  w^av  provootH  the 
Uvkiiig  of  more  (Jennings,  19<H>, 
pn.  225-2.36).  We  are  irresis- 
l|Uv  jnaviiKlfld  of  a  reversible, 
(ft  1  Mi^Msed,  obeinical  reeotion 

'i.  ■  •  riling  .,1,,\\rr  atI   '-lr,-',v»T  as 

auilibtium  IS  ait\n\*ii,Llkv*.l  (see 
lapters  vm.  and  X.).  This 
tii;i'!o  the  more  striking  l)y  the 
lact  that  pieces  of  filter  paper, 
«licli    produce    no  chemical 
change  in  the  omiiiBin*  oon- 

tinue  to  be  puslMrt  into  the  gastrio  cavity  as  long  as  they  are  prcBonted,  althottgh  there  w  no 

mom  for  thorn,  and  they  are  iinni«^ii;it^^ly  iliH^or^»<l. 

Pugos  111-127  of  Jeunioga'  Caruej^e  publication  (liKM),  deahng  willt  "  i'bvaiulogicHl  blates 
Jm  rNntrfniliihifl:  Vlftetom  in  the  Behaviour  of  Lower  Orgaiiisms,"  should  be  read. 

Wo  have  seen  how  portions  of  a  protoplaamic  oi^anism,  such  as  Badhamia^ 
when  separated  by  passing  through  cotton  wool,  subsequent]?  coalesce  again. 
The  same  thing  oocun  when  the  separate  am«biB,  proceeding  from  germinating 


Fig. 


19.    CSLLB  or  STAMIKAL  VAtRS  OP  TKADESGANrtA, 
OOPIBD  BZACKLT  WITH  OAMSRA  LVCIOA. 

A,  norm*!.  In  w»t«r. 

11,  the  wine  cell,  «lt«r  moderate.  local,  f  It-  Irii  al  stiiiuiliition.  'Rm 
KgioD  of  the  «xcited  inrotopUwD  extends  from  a  to  A.  e,  fwiMo. 
plMD  Odattaoted  to  roond  lumps  sad  bslla  4,  psl«  vcrielei. 

LsDKthofoeUfOfniii. 

(Kuhne,  iSbl,  ix^.  3.) 
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spores,  unite  to  furm  a  pla.smodiuni.  On  the  other  hand,  it  appears  that  tlie 
pseudopodia  of  an  individual  amoiba,  or  other  rhizopod,  never  unite  with 
pseudopodia  of  another  indiTidnal  (Jensen,  1895,  and  UeKkOll,  2909,  pp.  16 
and  38).  The  reason  of  this  is  not  clearly  undorstcxxJ.  When  the  wxhu»  of 
such  an  orj^mism  comes  into  contJwt  with  food,  it  app<*ars  to  soften  and 
become  sticlcy,  so  tliat  Uie  food  substance  adheres  and  is  more  readily  taken 
in.  The  same  thing  seems  to  happen  when  a  protoplasmic  process  comes  into 
contact  with  another  part  of  the  same  individnal,  bnt  why  it  does  not  usually 
occur  when  portions  of  rlifTcrent  individuals  come  into  conbict,  is  not  easy  to 
explain.  Of  course,  no  two  individuals  will  Ix?  in  pre('i<^elj  the  sjimo  state, 
chemical  and  physical,  at  the  name  time,  owing  to  diiierent  states  of  digestion 
<A  food  and  so  on;  but  the  power  of  discrimination  possessed  by  protoplasm 
must  be  very  great  to  a|)pr('ciate  these  diflformees.  indeed,  many 

other  reasons  for  believing  that  living  cells  are  extremely  soisitive  to  minute 
changes  in  thnir  environment. 

When  structure^!  consistiitg  of  naked  ptotoplasni,  such  as  leucocytes  or  the 
streaming  substance  of  v^table  cells,  are  exposed  to  an  electric  shocic  from 
an  induction  coil,  tlicir  movements  eease^  and  they  draw  themselves  together 
into  spheres  or  series  of  spheres  as  shown  in  Fig.  10  f'^ee  KiiIuh  's  rlpsrription, 
1864,  p.  30).  The  way  in  which  this  ctiect  is  produced  is  not  quite  clear. 
The  colloids  are,  as  mentioned  above,  temporarily  sent  into  the  "gel"  or 
coagulated  state,  but  there  seems  to  be  also  a  kind  of  contraction  of  the  surfooe 
layer  in  order  to  protluce  the  spheroidal  form  of  the  protoplhsmic  masses.  Some 
observations  by  Kiihne  himself  (1864,  pp.  31,  7.'^,  05)  point  to  the  stoppage  of 
Brownian  movement,  although  the  phenomena  of  colloidal  systems  were  in- 
sufficiently known  at  the  time  to  enable  htm  to  explain  why  this  happened. 
Sin<-e  lie  did  not  use  dark  frround  illumination,  the  very  small  particles  in  the 
pseudopodia  would  l)e  invisible  and  it  is  with  these  that  the  gelation  can  be 
seen  apHrt  from  possible  confusion  with  the  cessation  of  the  currents  of 
protoplasm. 

Tho  efTects  iliii-  to  tlx-  antxie  and  latlKwle  of  tlu'  constant  ii:ti  i1  ,im,  in  t)i  -  nmin, 
be  explained  by  elccirolytic  ohauges.  Details  of  thnao  ctfects  are  lieyoiHl  the  ncu{»e  uf  this 
book,  siiioe  thsy  do  not  i^esr  to  throw  mnoh  light  on  the  pnAlems  with  whioh  we  are 
oonoemed* 


BUHVIVAL  OF  CELI^ 

It  has  long  been  knowti  that  various  organs  of  cold-blooded  animals  will 
continue  their  activities  for  a  considerable  time  when  separated  from  the  rest 
of  the  body,  but  the  corresponding  fact  in  the  case  of  wuriu-blooded  auimals 
has  only  boen  established  by  experiments  of  comparatively  recent  data  If 
artiBcial  circulation  of  blood,  suflBcientiy  oxygenated  and  at  the  correct 
temperature,  maintained,  it  seems  clear  that  the  only  experimentjil  difficulty 
should  be  with  regard  to  the  lapse  of  time  during  which  the  organ  is  deprived 
of  oxygen,  during  the  necessary  operative  procedures. 

An  important  step  was  taken  when  Locke  (1901,  p.  490)  showed  that  the 
heart  of  the  rabbit  continued  to  beat  for  several  hours  if  fed  with  a  warm 
saline  solution  s'aturated  with  oxygen.  Tiie  method  has  also  hfvn  npj)lied  to 
the  kidney  and  sali\ary  glands,  although  it  has,  as  yet,  been  found  nnpossible 
to  preserve  all  their  activities.  This  will  be  discussed  further  when  we  are 
considering  the  mechanism  of  secretion.  Other  cases  of  isolated  warm*blooded 
tis^sues,  more  especially  smooth  muscle,  contiMuin<;  their  contractions  immersed  in 
similar  solutions,  will  be  found  under  the  head  of  intestinal  movements  (Magnus). 
Bloof!  vessels  and  the  uterus  can  also  l>e  investigate<i  by  this  method. 

Further  advance  was  made  in  1907  by  Ross  Harrison  (1907,  p.  140,  and 
1910,  p.  787),  who  found  that  cells  separated  from  frog  embryos  and  immersed 
in  lymph  continued  to  grow.    Fkurticularly  Tsluable  remits  were  obtained 
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AS  regards  the  growth  of  nerve  Hbren  from  <p!)s  l^urrows  fl'Jll,  p.  63) 
extended  the  method  to  the  chick  euibrjo,  and  Carrel  and  Burruwa  (1910)  Lo 


Fw.  20.    CnnuTir  nr  nkevf  fiiirk3  is  cI/OTTBd  lymi-m     Mp'1mI1;u  v  crd  lisrae  of 

«rubrya  Humi  jjiUoalt  ^^,  3"3  mm.  long.    Lymph  Iruiu  U'lim  jh/'Hilci. 

7.  Appartiiib  sinirle  nbre(>(/)  srowinir  from  »  poiatod  cell  (c(|)  which  projects  from  s  nuiMof  celU  lm«).  On* 

diy  after  iMlatton  of  tissue,  s-iih  Ai>ril  I  W,  lt.ttr.M. 

8.  Some  flhrc,  2  p.m.    Now  itc«n  to  be*  double. 

ft.  Bunt  group  of  flbret,  10.25  p.m.    Four  distinct  fibres       —nf^  WM  viilMe.   Flbriii  flloneotf  {tkry  wcK  nlw 

prcacDt  in  Ibt  earlier  ataiteaa  but  omitted  In  sketches. 
lOi  Smim  groups  attb  AprU,  11  A.M.  itfk  ponibty  ftbimneh  «l  Vi* 

It,  Same  group,  laso  r.M.  Contintttttan  Of  MA  mi4  imper  branoh  of      anfortmwtoty  left  oat «f  ikwtidi.  Note 
migraiioa  o(  cell  ^  Identity  «f  «tlMr  iMMted  e«)M  uneeruln. 

IMal  Intoml  Mwmd  flnl  and  Ink  Ifures— thiri  \  f '  m  r  hour*. 

(Rom  Harruioii,  i910>  PL  2,  tig«.  711;      i^xjL«r.  Zoolog$.) 
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the  adult  cat  and  dog,  showing  that  fragments  of  various  organs,  such  m 
kidney,  spleen,  bone  marrow,  thyroid,  cartilage,  etc.,  phiced  in  coagulated 
blood-plasma,  form  new  cells  of  the  appropriate  kind.  Renal  tubules,  for 
example,  are  to  be  seen  increasing  in  length,  and  cartilage  cells  in  number, 
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while  forming  new  cartilaginous  substance, 
of  a  nerve  fibre  of  the  chick. 


Fig.  20  represents  the  growth 


,.^T^^  of  t-**®  method  the  rewler  i«  referred  to  the  articles  bv  Carrel  and  Burrows 

(1912),  and  I. y  Carrel  (1912).    Further.  Carrel  (1913)  finds  that  the  culture  medium  is  Kreatlv 
impro%e<l  by  the  mhlition  of  tissue  juice  of  an  adult  or  ombryo  animal,  tlie  younger  the  better 
but  this  favourable  effect  la  only  ahowD  when  the  tissue  comes  from  the  same  species.  Piocci 
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of  the  heart  from  a  chick  embryo  continue<l  to  bi'«t  for  two  to  three  di»yB  after  each 
removal  lo  frcHh  medium,  until  unfortunately  l«»st  on  the  104th  day.    Kmbryonic  connectivo 
tiftsue  could  be  made  into  sulwulMkros  repeatedly,  since  it  grew  so  fast.    After  14  months,  ' 
tents  grew  to  3<)  4<)  times  their  bulk  in  .*)  or  6  days.    After  15  months  the  tissue  was  still  living, 
althijugli  it  had  been  transplanted  172  times. 

It  i.s  important  to  remember  that,  when  isolated  ti.ssues  grow  nornmlly,  we 
have  satisfactory  evidence  of  the  preservation  of  their  vital  activity. 

Some  recent  experiments  by  Champy  (1913)  have  given  interesting  results. 
Confining  our  attention,  to  begin  with,  to  the  growth  of  kidney  tissue,  taken 
from  an  embryo  rabbit  at  full  t«rm,  we  notice  certain  facts.    In  Fig.  21, 
fixed  after  nine  hours  of  culture,  we  see  a  portion  of  new  growth  on  the  right 
and  upper  part  of  the  figure,  while  the  cells  of  the  original  portion  are  clearly 
d^eiierated  ;  this  degeneration  appears  to  be  duo  to  failure  of  sufficient  supply 
of  oxygen.    In  the  new  growth  there  are  tubules  in  the  part  first  forme<l,  but 
wliereas,  even  in  the  degenerated  state,  it  is  easy  to  distinguish  different  kinds 
of  tubules  in  the  original  tissue,  the  new  tubules  are  all  alike  and  of  a  primitive 
epithelial  type  (shown 
also  in  Fig.  22).  As 
growth    proceeds,  we 
notice  that  the  produc- 
tion even   of  those 
primitive  tubules 
ceases,  and  there  is 
merely  a  mass  of  in- 
different cells,  like  those 
of  the  embryo  before 
tissue  differentiation 
commences. 

If  adult  tissue  is 
taken,  such  as  smooth 
muscle,  which  no  longer 
unrlergoes  cell  flivisitm 
in  the  organism,  it  is 
found  that  mitotic 
figures  are  produced 
in  vUro  and  embryonic 
cells  split  off. 

We  see  thus  that 
differentiated  cells, 
which  undergo  no 
further  division  as  long 
as  they  are  part  of  a 

complete  organism,  when  cultivate*!  in  plasma  outside  of  the  organism,  are  set  off 
on  a  cours*?  of  multiplication,  forming  cells  similar  to  those  from  which  the 
differentiated  cells  were  first  formed.  If  it  were  possible  to  preserve  the.se  cells 
alive  for  a  sufficient  time,  it  would  be  extremely  interesting  to  know  whether 
they  would  ultimately  be  subject  to  differentiation  into  cells  similar  to  those  of 
the  tissue  from  which  they  grew. 

It  seems  that  cells,  when  they  have  taken  on  special  functions  in  the 
organism,  are  normally  prevented,  by  some  means,  from  continuing  their 
primitive  multiplication,  and  that,  when  this  influence  which  restrains  their 
fjrowth  is  removed,  they  start  afnvsh  and  produce  simple  embryonic  tissue. 
There  Ls  significance  in  these  facts  in  connection  with  the  formation  of  malignant 
tumours. 

The  same  investigator  finds  later  (1914)  that  if  the  fragment  of  tissue  happens 
to  be  composed  of  ^th  epithelium  and  connectivo  tissue,  the  new  cells  growing 
from  the  epithelium  remain  like  those  from  which  they  grow;  whereas,  if  by 
chance  some  of  the  epithelium  leaver  the  connective  tissue  and  grows  towards 
the  outside  of  the  plasma,  its  cells  lose  their  typical  aspect  and  arrangement, 


FlO.  22.      iNIHrrF.RRNT  RKNAL    TUBITLK  from   the  r.ROWIN<: 
ZONE  OF  A  Ct'LTlIKB  SIMIIJ^H  TO  THAT  OF  THE  PRKVIOPS 

FiGtTRK. — After  seven  hours.  Fixed  in  Bouin's  fluid, 
stained  with  iron  hiematoxylin. 

«,  cells  ariainff  from  connective  tiwue. 

(Champy,  11)13,  fig.  5.) 
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and  cannot  l>e  identilied  as  u£  epitltelial  nature.    iSimilarly,  in  a  fragment  of 
retina,  a  typical  proliferation  of  the  connective  tissue  fibres  does  not  occar  as 
. kmgM any  nervous oells remun a]ive« 

This  mutual  effect  is  not  universal,  it  does  not  occur  in  the  case  of  muscle  and 
connective  tissuo.  The  facts,  as  a  whole,  tend  to  confirm  the  j»oint  of  view  ex]'r»'ssed 
above  as  to  the  effect  of  one  part  of  the  organism  on  the  growth  of  other  parts. 

Sonio  further  details,  mspocially  as  to  the  obflenoe  of  specific  influence  of  the  plaama  of  the 
HkOie  sptHjiea  of  animal,  will  Ix-  fouiid  on  page  288,  and  in  Cli.ipUT  .VXIV. 

The  numorouB  and  valuable  rcaults  obtained  by  the  investigation  of  chemioal  changes  io 
«ttrviviiij[  UwuM  and  organs,  su^  anuwlo  and  Iiv«r,  will  b«  dndt  with  in  later  pages,  wlwo 
the  puiHmlar  foootioiiB  in  qnesUoD  are  nnder  oonsideFation. 

SUMMARY 

Protoplasm  in  the  living  stale  has  the  properties  of  a  liquid  uysteni,  vontaimng, 
however,  particles  of  solids  and  droplets  of  immiscible  liquids  in  a  freely  mov- 
able state.  The  protoplasm  itself  is  structureless  to  the  highest  powers  of  the 
microscope,  with  ordinnry  f  irms  of  illumination.  To  the  ultra>micro8Cope  ifc 
presents  the  cliar.iot«riHtics  of  a  colloidal  system. 

It  forms  "  organs  for  particular  purposes;  these  organs  appear  and  disappear, 
according  to  need. 

But  tliore  is  no  necessity,  at  present,  for  the  assuniption  of  unknowable  "super- 
meduukical"  properties  in  Uving  oelK  Bfany  of  the  properties  referred  to  can  be 
ezpbined  fay  known  laws,  such  us  those  of  sui&oe  tensioAf  while  the  time  element 
itself  is  shown  by  inorganic  colloids. 

By  fixing  roat^ent?,  structure  of  v.irifnus  kinds,  nctwrlTH,  alveoli,  and  s<i  f  ,rtli, 
can  be  produced.  But  these  .slnKtnres  have  no  roiiciublance  to  the  living 
condition.  Obviously,  they  must  be  prutluced  from  constituents  already  present, 
eo  that  certain  oonduaions  are  admisriole  from  the  ezaminatton  of  fixed  cells. 

There  is  very  little  ground  for  the  view  that  protoplasm  consists  of    biogeos  " 

or    LTiant  iiiolee-ules,"  in  the  clicniiail  sense.    It  is  rather  a  complex  of  substances 

of  various  ("licinical  natures  and  in  various  stntos  of  agijrrgation,  asswiattxl  to<;(>tlier 
by  forces  of  surfjice  tension,  electrical  charge,  and  so  forth.  The  liquid  state  enables 
an  elaborate  play  of  forces  to  take  place.  Chemical  reactions  can  evidently  proceed 
simnltaneoosly  in  difierent  parts  of  a  cell,  so  that  there  IS  some  mechanism  by 

which  one  put  &i  isolated  from  another  part,  at  all  events  temporarily.  After 
death,  thi.s  separatioTi  ceases  to  Ue  efTeotivf«,  The  jictivities  of  thn  fell  are 
regulated  by  reversible  rlianges  in  the  distribution  of  the  phases  of  the  complex 
hetcrof;eiienus  systenx  of  colloids,  crystalloids,  and  solvents. 

For  further  information  on  the  subjects  dealt  with  in  the  preceding  chapter, 
the  following  works  may  be  consulted  : — 

LITEUATUHE 

Qeneral  Froperties  of  Froioplasm, 

KiUme  (1864),  p^  28-lOB.  Von  UexkttU  (1900),  pp.  114131   A.  Lister  (1888). 

Sinutture  of  Protepkum,  . 

Hardy  (18W).         Oaidukov  (1910).        Rhmabler  (1914).        Cbambots  (1917). 

JfUochowlria. 

Cowdry  (1016). 
Fiacation  of  Cells. 

Ahnd  fiMfacr  (1899),  pp.  1-72.    Hudy  (18B9). 

MifvemenU  1^  Protoptaam* 

¥.wnrt{um).  HafDsnn  (1896).  JfiiiMo(19Q8). 

Rhumbler  tl8US  and  I'.iO.^). 

Survival  and  Growth  of  Tissues. 

Ron  HarriwQ  (1907  and  1910).     Ckrrel  and  Barrows  (1910). 

Methods  4^  InvutiffaUon  of  UniceUutar  Organimu. 

Schleip  rp.  1-74. 

T'l:--  -ludent  is  advised  to  r<>-id  the  preceding  chapter  a  aeo(md  time  after  having 
road  the  following  eight  or  nine  chapters. 
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CHAFXEB  II 
ENERGETICS 

Thb  moit  striking  ohanMsteriatic  of  living  organisnui  is  the  perpetual*  state  of 

change  which  they  show,  as  will  have  been  clear  from  the  previous  chapter.  It 
is  a  mattor  of  ^npral  experience  tlmt,  in  order  to  oflTect  <'l)fui>Tcs,  w*trk  inust  Ik; 
done.  Thi^  aipacitv  of  doing  work  is  due  to  the  poBsoBsion  ot  tiomethuig  which 
u  called  energy,  ana  ia  frequently  defined  in  th^  very  worda. 

LAWS  OE  £N£RQ£TICS 

There  «re  two  great  laws  dealing  with  changes  of  energy,  known  as  the  first 

atv?  '^♦^^♦nfl  laws  of  Thermodynamics  or  Eiipr'^ptirs.  Tho  reason  of  the  name 
thcrnuHiynamics,  used  in  this  connection,  is  tliat  tho  laws  were  first  arrived  at, 
in  the  main,  from  considerations  of  heat  energy.  The  first  law  tells  us  that, 
while  energy  may  he  of  many  kinds,  kinetio,  therms],  eheinical,  eleotrical,  and  so 
on,  which  can  be  converted  into  one  another,  there  is  never  say  gain  or  loss. 
This  fact^  derived  from  nniversal  experienoe^  is  Imown  ss  the  "conservatkm  of 
energy." 

It  may  itc  noted  hore  that  the  ubecrvatiuti  that  energy  of  motion  am  )>o  traiuiforraed  into 
heat  suggested  the  thoogbt  that  tho  latter  is  itself  a  form  of  movement,  and  ultimately  that 
the  other  fi»rm  •  of  energy  which  «aa  be  derived  from  heat  aie  also  kinetio  in  natuns  not 

excepting  chuauL-al  energy'  itself. 

The  second  law  is  somewhat  more  abstruse,  and  deals  with  the  "  quantitative 
relations  which  rastriot  tiie  oonvertihility  of  energy,**  as  l^emst  puts  it  (1911, 
p.  16).    Thus,  "while  external  work  and  the  kinetic  energy  of  moving  bodies 

can  lx»  transformed  into  one  another  completely  and  in  many  ways,  and  can 
also  be  converted  into  lieat,  as  by  applyinj^  brakes  to  a  railway  train  in  motion, 
tiie  reverse  change  of  heat  into  work  is  only  possible  under  certain  conditions." 
This  is  the  principle  of  Osmot  and  QsiisiQs  in  one  of  its  forms. 

For  example,  in  tlie  case  of  a  steam  engine,  the  |>art  of  the  energy  given  out  by  the  fuel 
which  is  aviiilahlo  for  work  ia  given  by  the  ratio  of  the  difTorenoe  of  temperature  between  tho 
boiler  aad  conduuiier  to  the  abtiulute  temperature  ot  the  former ;  this  means,  of  course,  that 
only  a  certain  part  of  the  host  energy  given  outeby  the  burning  ooal  can  be  stiliaed  even  in 
the  most  perfeot  steam  engine,  nnleaa  the  oondenMV  ie  at  abaolute  lero. 

FBBE  BNBROY 

The  fact  just  referred  to  led  to  the  important  distinction  msde  hy  Helmhotts 
(1883,  p.  33)  between  *'free"  and  "bound"  energy.  It  is  plain  that,  of  the 
enwgy  contained  in  a  system,  only  that  part  which  can  do  work  is  of  value. 

An  an  illustration,  imAgino  a  system  of  tw"  similar  copper  ha,]h,  isolated  completely  from  the 
surroundings,  one  of  which  is  initially  at  a  Jiigher  temperature  than  the  other.  The  system 
as  a  whole  contains  a  definite  quantity  of  heat  energy,  ^iven  by  temperatures  and  thermal 
capadties  of  the  ooDstitueuts  of  the  total  maaa.  If  left  to  i(eelf>  a  part  of  this  mietay  will  pass 
mm  the  warmer  to  the  eooler  body,  until  both  are  at  the  same  temperature.  Daring  this 
procefw  a  certain  fn\i;ti(>ii  nf  tho  energy  trnnHferred  may  bo  usetl  to  }>(  rfi)i  iii  \v  i  ti  k  When  thi> 
two  balls  bare  arrived  at  the  same  temperature,  although  no  loss  of  energy  has  occurred,  no 
more  woik  oan  be  got  ofut  of  the  system  in  itedf,  bnt  only  when  broog^t  into  relatku  with 
another  ftystem  at  a  lower  temprrritnre.  In  this  state,  so  Iwr  M  the  eyntem  itself  is  eonoemed, 
itii  wiergy  content  is  not  free,  but  lx)und  and  useless. 

A  further  important  fact,  also  ariaing  from  experience,  is  that  free  energy 
always  decreases,  if  it  possibly  can,  but  never  increases.    In  the  above  illustra 
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tioilf  ener«?y  passes  from  the  hot  body  to  the  cooler  one,  so  that  the  difTcronce 
of  t*MnjK?raturo  diminishes,  and  with  it  the  free  energy  ;  the  reverse  passage  from 
a.  cool  to  a  hot  body  never  occurs.  This,  fact  has  various  applications,  as  we 
shall  find  later.  It  follows  from  it,  for  instance,  that  if  a  process  resalting  in 
a  diminution  of  free  energy  can  take  place,  it  will  invariably  do  so.  This  principle 
waa  applied  by  Willard  Gibbe  (1878,  pp.  216,  etc.)  to  the  investigation  of  the 
deponition  of  sulj^tances  on  the  surfaces  of  bodies  immeraed  in  solutions  of  these 
substances,  and  will  be  discussed  in  the  next  chapter. 

Olausius,  at  the  end  of  a  fundamental  paper  {Pogg.  ^nwilttt»  ezxr.  p.  400, 
1865),  formulates  the  two  laws  of  energetics  as  foUows :~ 

I.  The  energy  content  of  the  universe  is  a  constant  quantity. 

IT.  The  ontropy  of  the  universe  is  always  striving  to  a  maximum.  Tlie  word 
"entropy"  is  here  uned  as  having  essentially  the  same  meaning  as  the  "bound" 
energy  of  Helmholtz.  The  law  is  therefore  equivalent  to  the  statement  that 
**  free  "  energy  is  always  striving  to  a'minimum. 

The  fact,  derived  from  universal  experience,  that  free  energy  always  tends 
to  diminish,  if  it  pos.sil)ly  can,  is  sometimes  known  as  the  "prinrifJ^  of  Camoi 
and  ClmisiHs"  It  was  also  enunciated,  about  the  same  time  as  the  publication 
of  the  paper  of  Clausius  referred  to  above,  by  Lord  Kelvin  (then  Prof.  William 
llioiiison)  under  the  name  of  the  "Dissipaiion  of  Bnergy.** 

Tho  principle  has  obviouHly  a  grivit  pi  H<aiaill,  M  well  as  philosophiml,  ioiportAnoo.  It  has 
been  made  by  Ostwald  (1912)  the  basis  uf  a  general  rule  of  conduct,  which  be  calls  tlie 
** Imperative  of  Energetics."  The  rule  may  Ikj  translated  thus:  "Waste  not  free  energy  ; 
Lrea«ure  it  and  make  the  best  use  of  it.*'  Thf  n-hitiuu  uf  the  secwid  law  of  energetics  t»»  the 
oalouius of  probabilitiea  is  disouflsed  by  Guy u  ( 1  *J i 7).  It  may  be  noted  that^  aooording  to  Ncmst, 
entropy  is  ahseot  at  the  abeolute  aero  of  teni;)erature,  in  the  cam  of  eolkis  uid  liquids.  Thus 
tin-  (liwulvatiLi^eous  position  of  heat,  as  compaml  with  other  f<»rmK  of  energy,  i.s  due  to  the 
distance  from  its  lero  value  »t  which  we  work  \  while  we  can  readily  get  a  complete  abaeooe 
of  electrioal  or  ekemioal  energy . 

CAPACITY  AND  INTENSITY  FACTOBS 

Another  property  of  energy  will  be  made  clear  by  the  following  consideration. 
The  work  to  be  obtained  from  a  stream  of  water  depends  not  only  on  the  height 
from  which  it  falls,  but  also  on  the  quantity  of  water  flowing.    A  mere  trickle, 

even  from  a  consi«lcrHblo  Jioi^^ht,  is  of  no  practical  use.  Knergy  is  composed,  Iht  n, 
of  two  factors,  which  arc  known  as  the  ''intensity"  and  "capacity  "  faotors,  and 
is  equal  to  the  product  of  tlio  two  factois,  properly  chosen. 

In  the  above  case  the  distinetifm  ih  <»bviou.s,  height  Ixiing  intensity,  and  quantity  u{  water 
capacity.  In  electrical  energy,  the  intensity  factor  is  ditference  uf  potential  Or  deetromoti^ 
force,  while  the  cap8(-ity  factor  is  current.  In  heat,  the  intensity  factor  is  temprrnture,  what 
the  capacity  is  docs  not  »it  once  seem  obvioun.  Sometimes  the  name  "entropy  "  is  used,  a«  in 
the  (90  diagram  of  the  engineer,  whore  one  oo-onlinate  is  the  absolute  t^niperatvre  {9),  the  other 
(0)  is  the  capacity  factor,  or  "entropy,"  R«^that  the  area  is  the  heat  energy.  It  wnnM  l)f 
better,  perhaps,  to  limit  the  word  "  entropy  "  to  its  original  definition  as  given  by  Clausius, 
vis.,  the  ratio  of  the  *'  bound  '*  eneigy  to  the  absolute  tompeFatiare. 

It  will  be  noticed  that  the  intensity  factors  are  what  are  called  strengths," 
whereas  ihd  capacity  factors  are  of  the  nature  of  spaces  or  masses,  so  that  the 
latter  sum  together  when  combined,  while  the  former  do  not. 

If  a  litre  of  watfT  at  50^  >tc  added  t^i  a  Hccond  litre  of  water  at  the  same  temperature,  the 
energy  content  of  the  mixture  will  be  twice  that  of  a  single  litre,  due  to  doubling  the  capacity 
factor  ;  the  intensity  factor,  temperature,  on  the  other  hand,  is  not  altered. 

The  distinction  between  capacity  and  iutensiiy  factors  was  first  made  by  Helm  (1887). 

These  facts  I'nahlc  us  t^>  rxpross  the  second  hiw  of  crifrLrctics  iti  a  new  way, 
viz.  :  in  a  clot^^l  isolated  KyHtain  traubfereiico  ur  cunverHiou  of  energy  can  only 
occur  when  differences  of  the  intensity  factor  are  present. 

THEORY  OF  QUANTA 

In  orflinary  cases  <»f  clicmica]  combination,  as  is  well  known,  additions  are 
made  by  not  loss  than  one  atom  at  a  time;  similarly,  electric  charges  on  iooa 
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are  added  or  removed  by  units  of  one  electron  at  a  time.  The  questicm  natnrally 
arises,  are  there  similar  phenomena  in  the  case  of  energy  ?  Now,  in  the  cons!«?erii- 
tion  of  the  solid  state  of  aggreigation,  certain  phenomena  have  been  met  with  which 
suggest  that  energy  is  dealt  with  in  units  at  a  time,  in  other  words,  that  it 
cannot  be  divided  int<j  portions  smaller  than  these  units,  called  "quanta"  by 
Planck  (set?  p.  25  t  of  Nernst's  book,  1913).  In  the  treatment  of  the  solid  state 
fixtm  the  kinetic  point  of  view,  it  i«  tn  h^^  remembered  that  the  ni'>lecule8  are 
only  free  to  move  or  vibrate  about  a  mean  po«)ition,  which  does  nut  change, 
eontrary  to  what  obtains  in  gases  and  Uqjuids.  Nemst  (1913,  p.  252)  finds  that 
the  atomic  heat  of  sabatonoes  l^ecomes  very  small  as  absolnte  lero  oi  temperature 
is  .ippnvu'he<l,  and  Ijecomes  practically  nil  at  quite  finite  temperatures.  Tn  other 
wortis,  the  amount  of  energy  impart*.'(l  by  the  impact  of  vibrating  mokH;uIes  is 
not  what  the  kinetic  theory  as  applied  to  gases  at  oixlinary  temperatures  would 
lead  UB  to  expeet  The  diaenpano^  is  explained  by  the  theory  of  quanta  of 
Fianck  and  Einstein,  namely,  uiat  in  the  production  of  vibratiooB  of  an  atom 
around  its  f!xed  position,  as,  for  example,  by  the  impacts  of  pas  mole*  ulcH,  energy 
is  taken  up  only  in  certain  '*  quanta,"  and  that  tlieae  uiiitii  are  directly  pro- 
portional to  the  period  of  vibration  of  the  atom.  For  a  freely  movable  gas 
atom  this  period  is,  of  course,  aero,  so  that  in  this  case  kinetic  eneivy  can 
increase  steadily  and  the  kinetic  theory  of  gases  remains  unaffiacted*  In  the 
case  of  solids,  a  different  state  of  MiiTit^'s  exists. 

If  this  view  be  correct,  it  would  toUow  that  the  curve  gi\  in^'  tlte  energy 
content,  or  partition  of  -velocities  between  the  atome,  instead  of  being  a  continuous 
one,  would  rise  in  a  series  of  equal  steps,  each  corresponding  to  a  quantum  of 
energy.  A  certain  formula  exprcs.sin;^  atomic  heuts  has  been  deduced  b)'  Einstein 
from  this  point  of  view,  and,  m  the  experiments  matlo  by  Nernst  and  his 
co-workers,  it  has  been  found  to  bo  conhnned  in  the  case  of  eight  distinct 
elements.  It  applies  also  to  the  experiments  in  which  atmnic  fiat  of  salts 
was  determined  by  making  use  of  the  optical  measurements  of  absorption  bands 
made  by  Hidwnw.  Tlie  a)>sor|»tiori  bandm  are  tAken  as  representative  of  the 
vibration  periods  of  the  atoms.  See  J.  Rice  (1915).  Barkia  (191 G)  finds  that 
K-ray  phenomena  indicate  that  the  quantum  is  a  unit  of  atomic  energy,  rather 
than  of  radiation  in  general. 

CHEMICAL  ENERGY 

Practically  all  energy  available  in  the  animal  Ixxly  is  derived  from  the 
oxidation  of  food,  and  is,  thei"efore,  of  chemical  origin.  It  is  very  important 
to  remember  that  chemical  energy  is  readily  tranrformed  into  other  forms, 
without  necessarily  passing  through  the  form  of  heat.  In  the  various  forms  of 
primary  batteries,  the  electric  current,  derhtd  directly  from  the  chemical 
reactions  taking  place,  can  be  used  to  drive  motors  without  any  further  chan«?e. 
The  experimental  facts  concerning  the  relation  of  the  heat  produced  in  the 
contraction  of  muscle  to  the  external  mechanical  work  done  show  that  the 
energy  afforded  by  th<>  chemical  changes  cannot  pass  through  the  stage  of  heat, 
since  the  proportion  of  work  to  heat  is  too  hii^li.  ITie  "efticienev'*  '»f  muscle 
as  a  heat-engine  would  be  27  per  cent,  to  30  per  cent,  or  more,  according  to 
various  experim^its.  This  would  require,  by  the  second  law  of  thermodynamics, 
in  a  heatr^ngine^  a  difierenoe  of  temperature  between  "boiler"  and  '^oomlenser'' 
of  such  a  degree  as  to  be  incompatible  with  the  life  of  cells.  This  fact  was 
familiar  to  Fick  (1882,  p.  158),  who  makes  the  statement  that  the  "chemical 
forces must  be  used  directly  for  mechanical  work,  and  at  the  prejseut  time 
no  physiologist  holds  the  view  that  heat  energy  is  a  stage  in  the  process. 

What  are  the  capacity  and  intensity  factors  in  the  case  of  chemical  energy  t 
Willnrd  Gibbs  (1878)  .su£^'.»ested  the  name  "chemical  potential"  for  the  latter, 
although  "chemical  at^nity  '  i*^  peiliaps  the  better  designation.  This  latter 
name,  however,  has  been  used  some  \v  hat  vaguely.  The  capacity  factor  is  clearly 
the  quantity  of  a  substance  taking  part  in  a  reaction,  that  is  the  equiTalent  or 
combining  weight,  so  that : — 

Chemical  enei^  »  equivalent  weight  x  chemical  potentiaL 


Digitized  by  Google 


3D  PRINCIPLES  OP  GENERAL  PHYSIOLOGY 

It  may  aKsiat  in  underatAndin^  the  meaniDg  o\  ahenncHl  putenLial  if  we  remember  that,  in 
a  voltaic  cell,  chemical  energy  is  directly  convert^xi  quantitatively  into  electrioal  energy. 
Faraday  ahowed  thnt  the  quantity  of  electricity  obtained  is  proportional  to  the  amonnt  of 
chemical  change,  m  that  too  capacity  factors  of  the  two  kiiid»  of  energy  arc  pruportioual. 
Hencf  the  intenaity  factors  are  also  proportional,  or  electromotive  force  ia  a  measure  of 
ohemical  affinity.  FMidaj,  therefore,  was  justified  in  reguding  elflotrioal  force  And  clianicMd 
affinity  as  one  and  the  nine,  as  Ifellor  (1904,  p.  *26)  points  oat. 

Ostwald  (1900,  i.  p.  249)  rej^rds  chemical  energy  as  being  of  a&  many  kinds 
as  thcnw  are  alements  ("Stofle").  We  lutve  seen  already  how  tbe  intranty 
Ihctor  of  energy  in  general  never ' increaaee  of  itself;  ao  tiiat  if  the  chemiciiJ 
pot<^ntial  of  the  product';  of  a  given  reaction  is  higher  than  \hf\\  of  th«»  reacting 
bodieii,  that  is,  when  a  subotanoe  is  produced  n^quiring  to  be  supplied  with 
energy,  an  endothermio  reaotion  in  f^,  energy  moab  be  supplied  trom  aome 
extraneoas  eonroe :  it  may  be  heat  from  neighboiiring  bodiea  or  chemical  energy 
from  a  concurrent  reaction,  involving  fall  of  potential,  in  the  same  ayatem.  In 
tbe  last  caae  we  have  what  in  known  as  a    coupled  reaction" 

While,  therefore,  there  is  only  one  kind  of  temperatuie^  or  two  kinds  of 
dectnmiotive  force,  positive  and  negative,  which  can  be  incnMoed  or  diminiabed 
by  altering  the  magnitude  of  the  forces  prodaciug  them,  chenuGal  potential 
cannot  U'  iru  reivse<l  directly  by  the  fall  of  potential  in  another  leaetioa  with 
dissimilar  compfuienls. 

Ostwald  gives  the  foUowisg  example: — Uydrc^en  peroxide  is  a  bod}'  of  higher  potential 


khan  water  or  oxygen.   Henoe,  in  onur  to  fbnn  it,  the  poteotia]  of  oxygen  mmt  be  imieed, 

or  the  oxygen  made  "active."  This  cannot  bo  done  by  any  or  every  kiinl  of  rea<;lion  pro- 
viding energy  in  the  system,  tbe  neatralisation  of  acid,  for  tsxample,  but  niuht  vAmw  from 
a  reaotion  such  as  tha  oxidauon  of  phoaphonu,  in  which  part  of  the  oxygen  taking  part  in 

the  reaction  is  made  active  by  mean^  of  energy  derived  from  the  other  part  of  the  tnmc 
reaction  in  which  the  potential  of  phoaphorua  is  lowered  by  converHion  to  oxide. 

The  expression  for  the  maximal  ivork  (A)  of  a  chemical  process  is  given  by 
Nemat  (1911,  p.  658)  aa-^ 

A->BTlog,K, 

where  R  ia  the  gas  constant,  T  absolute  temperatore^  and  K  the  eqnilibrinm 

constant  of  a  reversible  reaction  All  reactions  can  be  treated  as  reversible. 
Am  it  is  put  by  J.  J.  Thomson  (i6Ss  yi.  281),  if  we  were  able  "to  control  the 
phenomenon  in  all  its  details,  it  would  be  reversible,  so  that,  as  was  pointed  out 
by  KazweU,  the  apparent  irreveraibility  of  any  system  ia  due  to  the  limitation 
of  onr  powers  of  manipnlation."  K,  in  the  aliove  formula,  may  be  regarded  as 
the  ratio  of  two  opposite  reactions.  It  follows  at  once  that  the  greater  K  is, 
that  is,  the  nearer  t<3  completion  the  i-eiiction  proceeds  in  one  direetion,  the 
greater  the  amount  of  energy  availabiu.  In  some  cases  we  know  the  value  of 
K,  80  that  the  free  eneigy  of  the  reaction  can  be  calculated  at  once. 

Nemst  (1911,  pp.  709-710,  and  1913,  pp.  741*758)  has  also  pat  forward  a  new  method  whieh 

}»e  thinks  may  leaa  to  the  determination  of  the  free  energy  or  any  chemical  reaf'tit  ti.  Limit* 
of  space  forbid  it*  description  here,  and  readers  int^^reslwl  may  consult  the  original  (see  ako 
the  work  of  Pollitzer,  1912). 

It  is  held  by  Wegsoheider  (1912,  pp.  223  238)  that  the  maximal  work  to  be  obtained 
ocmsists  of  two  parts,  one  whioh  is  only  to  be  got  by  making  it  to  overcome  external  pressure, 
and  is  zero  at  t-onstaiit  volume  ;  the  other  can  l>e  obtained  in  other  ways,  as  electromotive 
force,  for  example.  He  give*  formul»  for  the  miuimom  total  work,  for  the  electromotive 
force  of  ehemiealrMctioitt,  Oo  diaoelation  of  a  caa,  and  a  revenibla  ga*  batteiy. 

The  nonograph  by  Haha  (1894)  any  be  ooosalted  with  praAt. 


SURFACE  ENERGY 

Wo  shall  see  in  the  next  chapter  how  the  sutfnce  of  contact  of  :\  Hquid 
with  a  solid,  a  gas,  or  another  liquid,  with  which  it  docs  not  mix,  the  interface 
between  any  heterogeneous  phases,  in  general,  has  the  properties  of  a  stretched 
flhn.  It  can  therefore  do  work  when  thia  tension  is  able  to  decreaae.  Now  it 
we  consider  the  energy  available  in  a  living  cell,  we  see  that,  although  chemical 
potential  can  exert  its  full  effect  in  a  small  space,  tho  capacity  factor  erf 
chemical  energy  needs  considerable  active  musses  in  order  that  much  total 
enwgy  aball  be  aflfiutled.    In  surface  energy,  on  the  other  hand,  although  tho 
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intensity  fftctcnr  can  change  bat  Kttie,  the  cmpaoity  factor  («.«.,  the  ftrea  ol 
snrbce)  can  vary  very  greatly  within  quite  small  spaoea.    CSianges  in  the  state 

of  affgregation  of  colloids,  by  whicli  their  surface  can  incr*'!is*»  or  rlirninish  a 
million  fold,  i8>  then,  a  potoot  factor  in  cell  mechaDics  (aee  tlio  reumrka  by 
Freuudlich,  1907,  p.  102). 

LIFE  AND  ENERGY 

In  the  pictarosque  langnai^o  of  ricrk  Maxwell  (187(5,  p.  9S) :  "The  transactions 
of  tlie  material  universe  appear  to  be  conducted,  as  it  were,  on  a  system  of  credit. 
Each  transaction  consisto  ol  the  transfer  of  so  much  credit  or  energy  from  one  body 
to  another.   This  aet  of  transfer  or  payment  is  called  work." 

Now,  as  Benjamin  Moore  (1906,  p.  1)  rightly  points  out,  it  is  just  in  this 
tr«Tisf<'r  <»f  eiuT'jv  th;it  tlio  various  activities  which  wo  recognise  as  peculiarly  vital 
show  themselves.  The  Hlatement  of  Jennings  as  to  the  importance  of  regarding 
organ&ms  as  dynamic"  has  been  quoted  in  the  prefnoe  to  this  book.  In  fact,  a 
system  in  static  equilibrium  ia  dead.  This  fact^  however,  diH-s  not  imply  that 
chemical  investigation  of  such  a  system  is  useless.  Valuable  inforniation  as  to 
the  energy  changes  involved  can  }m>  obtained  by  comparing  the  chemical  con- 
stitution of  cells  before  and  aft+^r  pci  funaance  uf  work. 

There  ore  many  pLununiuim  known  whteh  illustrate  the  peculiar  activity  ol  iMxlica  m  the 
Twy  Mi  itaelf  of  onauging  their  energy  content.  The  state  of  activity  which  can  be  conferred 
wjiiin  nxvj^cn,  the  oxitlation  of  pTiosphotufl  1  r  fu  n/^ldehytle,  for  example,  appears  to  be 
eoDiiecttHl  with  its  changu  fruui  a  bivalent  Ui  a  (|U«uinvalent  element,  by  which  it  eains  electric 
charge.  The  active  properties,  however,  are  only  nanifested  during,  or  i  mniediately  after, 
tht>'  change.  Thu  partieipation  of  electric  forces  can  be  shown  by  the  steam-jet  method  of 
Helmholtz  and  Richarz  (1890,  p.  192).  When  a  jet  of  steam  isauefl  from  a  fine  glass  orifice,  it 
does  not  condense,  so  as  to  be  visible,  fur  a  centimetre  or  so  from  the  orifice.  If  brHlius  causing 
thtt  ioffmation  of  gas  ions,  t.e.,  ekoirioally  ohaiged  iiiolecuU«  of  pas,  are  brought  into  the 
nelghbmtrbood  of  the  jet,  condenmtion  oooni*  altneet  at  the  enflee  iteelf,  am)  the  olood 
bccomert  larger  anci  tlfriser.  If  1  ptif  k  rif  phcwphoruH  be  brought  near  the  jet,  tlii-  rlfi  rt  is  vory 
marked.  It  was  shown  by  the  observers  named  that  none  of  the  obeniioil  proUucU*  of  tlte 
oxidation  «rf  phoephoma  liave  this  property.  The  eleetrical  phenomena  are  only  to  be  eeeo 
during  the  aetuul  oxidation  prf  r  i"  ^^^^  it  rlf 

The  active  agent  ditlu^aH  rapnUy  uua4>ut(.Hl  with  currents  of  air;  for^  in  the  dark,  the 
laminons  vapours  can  be  blown  aside,  without  aflboting  the  comdeDsation  of  the  ^taain  jet. 
It  is  interesting  to  note  that  one  of  the  authors  of  this  paper  was  a  son  of  the  great  Hermann 
von  Helmholtx.    This  son,  who  showed  much  talent,  unfortunately  died  before  nis  father. 

A  remarkable  fact  of  interest  in  the  present  connection  was  uutieed  by  8traub 
(1907,  p.  135)  in  the  action  of  muscarine  on  the  heart  of  Aplysia.  The  drug,  at 
first  present  in  higher  concentration  in  the  fluid  in  which  the  tismie  cells  are 
immevaed,  passes  in  course  of  time  into  the  cells,  until  equal  concentration  exists 
within  and  without.  But,  although  the  drug  can  be  shown  to  be  present  inside 
the  eel  1m  by  their  action  on  another  heart,  its  effect  on  the  heart  in  which  it  is 
contained  is  no  longer  manifest.  It  is  only  during  tiie  actual  passage  into  the  cell, 
while  its  potential,  so  to  speak,  is  different  on  m  two  sides  cf  the  cell  boundary 
membnuie^  that  it  shows  its  characteristic  ^focts. 

Mention  must  here  1h!  made  of  ilu  opinion  of  some  wn'terrt  that  th»Te  is  a  speoial  form  ot 
energy  to  be  found  in  living  matter,  which  is  called  by  them  "vital "  or  "  biutic  "  energy,  'l^bin 
it  eeppoMd  to  he  oonverable  into  equivalent  quantltlee  of  the  ordinary  forais  <n  energy , 
chemical,  elcc  trii  il,  t)iermal,  and  so  on,  and  vic(  ^  i  r«a.  It  is  oloar  tJiat  110  decision  on  the 
question  bi^  arrived  at  until  we  have  some  ijistrument  by  w  hich  "biolic"  enetgv,  or,  at 
all  events,  \X»  inteneity  luitor,  can  be  meaiure<i,  a.s  the  eluctr<Mneter  nioasurea  eleotrical 
potential,  or  the  manometer,  prcfiBuro  of  gas  or  liquid.  For  the  present  the  assumption  is 
purely  hypothetical,  and,  m  it  yceniti  to  me,  devoid  of  any  purpose.  It  is  U>  lie  noted  that  the 
modem  auherMite  of  this  doctrine  do  notpostuUte  anything  more  than  a  (juantitative  relation- 
ship between  **biotic"  and  other  forme  of  eneigy;  in  other  words,  the  principle  of  the 
eooiervation  of  energy  is  supposed  to  hold  eVen  here. 

The  tendency  of  science  is  to  gi  cnter  simplificAtif  n  ff  I  In  Tmi m  i  f  encr^'v  ;  radiant  eiier^'y 
has  practically  become  a  brauch  of  electrical  science,  the  iuei  tiu  of  matter  hoA  been  explain«*d 
by  the  prf>pertiee  of  aundng  electrons,  and  Faraday  had  already  felt  the  identity  of  ohemioal 
and  electrical  energy.  It  seems,  then,  somewhat  retrograde  to  a.ssTime  a  new  form  of  rnorgy, 
specially  as  there  is  no  urgent  necessity  for  it.  The  resources  of  the  known  forma  of  energy 
Me  BolaltaigeClMr  eKhamtM. 
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Further  discussion  of  the  application  of  the  doctrine  ctf  eneflgy  to  Uviog 
organisms  will  be  found  in  the  essay  by  Zwaardemaker  (1906). 

Warburg  (1914,  pp.  256-259)  calls  attention  to  the  fact  that  many  cella,  such 
«8  thoM  of  the  oentnil  nervous  system,  the  fertilised  egg-ceU,  «id  nucleated 
red  blood  oorpusdes,  use  energy  in  considerable  amount,  as  shown  by  their 
consumption  of  oxyfijon,  although  they  do  no  external  work.  Tt  is  evident  that 
energy  is  required  for  snmf*  (;ell  prfKCsses.  ^^'^rV)u^^J;  sii«rgestii  that  it  may  be 
neces.sary  for  the  uiumt^uauce  of  the  "structure"  of  the  cell,  in  the  sense  of 
keeping  apart  substances,  which  would  mix  by  diflbsion,  tiie  pfeservatioa  of  the 
properties  of  semi-penneable  membranes,  and  so  on,  all  in  microscopic  dimensioii^ 
or  less. 

HEATS  OP  COMBUSTION 

T!ie  roinplete  oyif];ition  of  such  .substances  an  fats  and  carbohydrates  sets  free  a 
large  amount  ut  uvaiiuble  energy.  If  this  energy  is  all  convert^  into  heat,  for  the 
purpose  of  measurement,  it  is  possible  to  obtain*  a  number  exprsssing  the  total 
enei^  content  of  any  oxidisable  substance.  Numbers  obtained  in  this  manner 
are  known  as  ''heats  of  combuslioti."  They  play  a  useful  part  in  comparing  the 
energy  changes  in  various  reactions. 

The  usual  methods  of  determining  heate  of  oombiisiion  will  be  found  in  the  textbooks 
of  Physical  Chemistry  (see  that  by  Findlay,  1906.  pp.  216-26S}.  The  sdiabatlc  calorimeter  of 
BonedUct  and  Higgiiis  (1910)  appears  In  Ikj  a  convenient  and  accurate  form  of  appurams.  Tht- 
uaroe  "  adittbatic  "  is  used  in  general  for  any  process  io  which  no  heat  is  allowted  to  eaoape  or 
be  .taken  in.  A  gas,  for  example,  may  be  compressed  under  such  oonditioiu  that  the  neat 
produced  escapes  as  fast  as  it  is  formet!,  ■  <i  that  the  temperatiiro  rt-mainR  constant  ;  the  prfKfss 
IS  "  Uothf  rmtil."  If  the  heat  produced  by  compression  is  prevent«l  fi-om  «'s»'iiping,  the  uroocss 
b  **adiah(Uic"  and  groat  rise  of  temperature  may  result.  In  the  Diesel  engine,  the  neat  of 
rompression  in  great  enough  to  ignit**  tlic  heavy  oil  uswl  for  coTTihnstion,  although  the  proCitMII 
is  not  absolutely  adiabatic,  owing  to  c<juliug  by  thu  whHh  of  th«  evlinder. 

Heats  of  combustion,  however,  do  not  necessarily  give  the  actual  energy 
values  of  food-stutl's,  as  avaUabie  in  the  orgunisin.  If  converted  into  iieat  at 
once^  only  a  comparatively  small  part  can  be  utilised,  even  with  large  rise  of 
temperature.  Hence  the  importance  of  usuvj^  the  chemical  energy  of  food  in 
the  way  that  will  j^ve  most  free  energy.  As  A.  V.  remarks  (HM  2,  ii.  p.  511), 
"if  it  is  shown  that  carbohydrate  has,  calorie  for  calorie  of  totiil  energy,  a  higher 
proportion  of  fiee  energy  than  fat  ha.s,  this  would  have  an  enormous  influence  on 
theories  of  nutrition."  Ttm  is  given,  of  course,  merely  as  an  illustration  ol  the 
necessity  of  dne  cmsideration  of  the  diifci-cnce  between  free  and  bound  energy. 
Tn  fact,  Bilron  and  Polanyi  (1913,  p.  10),  as.sumin£(  Nernst's  theorem  (1913, 
p.  744),  find  that  the  free  energy  of  the  oxidation  of  glucose  at  37*  is  13  per 
cent,  greater  than  the  total  energy,  calculated  ttout  the  h^t  of  combustion.  Heat 
must  be  acquired  from  surrounding  bodies  and  converted  to  frto  energy. 

Boltzmann,  in  one  of  his  "  Populiire  Schriften"  (1905,  p.  40),  points  out  how 
the  "8truf^^^le  for  existence"  of  living  l>ein«;s  is  not  for  the  fundamental  con- 
stituents of  food,  which  are  everywhere  present  in  eartli,  air  and  water,  nor  even 
for  energy,  as  such,  which  is  contained,  in  the  form  of  heat,  in  abundance  in  all 
bodies,  but  for  the  possession  of  the  free  energy  obtained,  chiefly  by  means  of  the 
green  plant*  from  the  transfer  of  radiant  energy  from  the  hot  sua  to  the  oold 
earth. 

THE  OAS  LAW  AND  OSMOTIC  WORK 

ikiyle  8  law  tells  us  that  the  volume  of  a  gas  is  inversely  proportional  t<i  the 
pressure,  if  the  temperature  is  ccmstant;  and  the  law  of  Gay-Lussac  tells  us  it 
is  proportional  to  the  absolute  temperature,  if  the  pressure  is  constant  la 
symbols 

V-R^TorPV-RT, 
where  V  is  volume,  P  is  pressure,  T  is  absolute  temperature,  and  R  is  a  numerical 
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quantity,  called  the  "gas  constant,"  whose  value  depends  on  the  units  in  which 
the  other  factors  are  expressetl. 

This  same  law  was  shown  by  van't  Hoff  (1885)  to  apply  to  dilute  solutions, 
and  the  theory  of  solutions  based  on  the  fact  has  had  great  effect  on  the  progress 
of  science.  A  portrait  of  van't  Hoff  in  the  year  1889  will  be  found  in  Fig.  23, 
in  the  year  1899  in  Fig.  24.  These  portraits  are  given  by  the  kindness  of  Prof. 
Ernst  Cohen,  of  Utrecht. 

When  gases  approaching  their  liquefying  point,  or  concentrated  solutions,  are 
dealt  with,  the  formula  becomes 
more  complex,  since  factors  must 
be  introduced  on  account  of  the 
molecules  coming  close  together, 
so  that  their  influence  on  one 
another,  as  well  as  the  actual 
space  they  occupy,  have  to  be 
taken  into  account.  Tliis  ques- 
tion will  be  discussed  in  Chapter 
VI.  In  the  present  place,  we 
will  merely  direct  our  attention 
to  the  expression  which  gives 
us  the  work  done  in  compressing 
a  perfect  gas,  or,  by  van't  Hoff s 
theory,  that  done  in  concentrat- 
ing a  dilute  solution.  For 
simplicity,  the  temperature  is 
supposed  to  be  kept  constant. 
This  general  equation  will  be 
found  to  turn  up  repeatedly  in 
calculations  involving  considera 
tions  of  osmotic  pressure,  such 
as  the  electromotive  force  of 
batteries,  or  the  work  done  by 
the  kidney. 

Suppose,  then,  that  we  take  a 
Tolame,  v,  of  a  gas  at  a  pressure,  p, 
aod  that  we  compress  it  so  that  its 
volume  is  diminuhed  by  a  minute 
fraction  of  its  original  volume,  that 
is  by  dr.  The  work  done  \-i  pdi: 
Further,  if  wo  diminish  the  volume  »■_„  which  is  occupiecl  by  one  gram -molecule,  to  r,, 
the  total  work  done  (A)  i%  the  sum  of  all  the  minute  portions,  pdt\  between  the  limits  of 
theae  two  volumes.    In  the  notation  of  the  intinitesimal  calculus : — 


Fig.  23.    Portrait  of  van't  Horr  in  1889. 

(Jorissen  and  Reiclier,  1912,  p.  35.  Re- 
prfiduced  by  the  kindness  of  I'rof. 
Ernst  Coiien,  Utrecht.) 


pdr. 


(Note  that J* is  a  lengthened  «,  the  first  letter  of  sum,  and  is  used  to  indicate  the  totality 

of  a  process. ) 

Now  pi'=RT,  hence 


—  and  /      pdv  =  Kl  /  — 


ourso 


■ 

(Note  here  that  K  and  T,  being  constants,  are  not  subject  to  integration,  which  of  c 
applies  only  to  variables.) 

The  value  of  this  last  integral  is 

RT  h.g,  • 

For  the  complete  solution,  the  textbooks  must  l>e  consulted,  t.ij.,  that  of  Nernst  and 
Schonflies  (1904,  pp.  Ill  and  143)  or  of  Mellor  (1909,  p.  254).  A  few  words  may  perhaps  l>c 
useful  in  enabling  the  readur  to  appreciate  the  meaning  of  the  formula.    The  appearance  of 
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the  Inganthoi  it  doe  to  the  f«ct  tb»(  the  differeatiftl  ooeliicieot  of  the  logarithm  of « to  base 
e  is  i ,  i.e.f 

11^  =  1  and  tflog*-^, 

and  therefore,  coiiverstlv.  the  integral  of  —  is  logr  a;,  and  that  of  —  is  log*  v,  or,  wheo 

X  V 

integrated  between  the  limits  of  t*^  and  Vy,  is 

log,  t"g  -  log,     or  log, 

Details  of  the  way  in  which,  by  a  simple  application  of  the  binomial  theorem,  the 
diffnrential  coefficient  of  a  logarithm  is  obtaine<l  may  be  found  in  the  books  mentioned 
(Nemst-Schonfliei!,  pp.  82  85,  or  Mellor,  p.  51).  We  ma^  note  that  the  quantity  e,  choaen 
a'  the  base  of  iiatui  al.logMithins,  is  oiw  of  the  ino9t  importaot  in  mauieinatioa.  Aithe 
sum  of  the  infinite  aeries :  — 

ita  va1a«  can  be  obtained  to  as  many  places  of  decimal*  iw  required. 

The  f.lijT*  ittiril  roi  fftcient  of  log  x  h  llie  ratio  of  tlie  amount  b%'  \^  In  h  lo^'  x  iik  rrast-.s  when 
X  increas«;ii  by  an  infinitesimal  fraution  ot  its  valuf,  say  it  becunu^n  x  r  h,  to  the  iii'.:iease 

h  itself.     That  is,  we  want  the  value  of  l28j£jl^''J — i"^^  when  h  becomes  so  small  as  to 

li 

approximates  to  zero.  When  the  expression  is  expandt-il  by  the  binomial  theorem,  we 
tini»lly  arrive  at  another  expreuiun  in  which  i  appears  multiplied  by  log  e,  i.e., 

dx  X 

Thtoe  are  many  reaaons  for  taking  e  ae  the  base  of  a  avatem  of  logarithma  in  dealing  with 
mathematioal  formnbB,  and  when  this  is  done,  log  e  to  the  Base  e  beonnes  unity.  Onr  equaticm 
is  thai  simply : — 

dlQg«x^l 
dx  7t 

This  digression  into  the  region  of  pure  mathematics  ia  merely  for  the  purpose  of  explaining 
the  ippeararji  L  "f  i  logarithm  in  the  expresnion  tor  the  work  dune  in  compressing  a  gas. 

Looked  at  from  another  point  of  view,  the  work  needed  in  each  saooeaaive  atep  depeoda  on 
the  result  of  the  preoeding  (^tep,  henee  the  whole  expression  takes  on  a  form  m  which  tins 
fact  is  taken  acoonnt  of.  That  is,  it  most  be  an  expmiential  or  logarilhmio  one,  not  a  aimpla 
hncar  one. 

Attention  may  bo  called  to  the  frequent  occurrence  of  processes  whose  mai^nittjde 
at  any  given  moment  dt^nds  on  how  much  of  the  process  has  been  already  com- 
pleted, or,  when  an  eqnilumniii  u  being  approached,  on  th^  nearness  to  the  end  the 
procees  ie.  In  the  case  before  us,  the  work  needed  to  cause  the  same  actual  diminution 
in  volume  of  a  gas  increases  the  more  the  gas  has  been  already  compressed.  Perhaps 
the  simplest  ease  is  that  of  the  absorption  of  light  by  a  coloured  liquid.  Suppose 
that  we  allow  100  unite  of  light  of  a  certain  wave  lengtli  to  enter  the  liquid  ami  that^ 
after  it  haa  passed  through  one  centimetre,  it  has  lost  O'l  of  its  original  intensilgr 
and  has  become  90  units,  or  100  x  '9 ;  after  the  next  centimetre,  this  90  units  will 
have  lo^  n  ]  ,  ,f  mo  and  l>peorne  81,  or  100  x  0*9  x  0  9,  i'.'  .,  lOOxO'O-,  and  so  on. 
Hence,  after  pa-  sing  ii  centimetres,  its  value  will  be  100  x  0  0".  Note  that  three 
layers  do  not  absorb  three  times  as  mucli  as  one  layer,  but  less,  that  the  value  of  the 
light  transmitted  is  not  70  but  72*9.  This  Uw  (that  of  Lfmhtrt)  ie  used  in  the  spectro^ 
photometer,  which  has  played  ao  large  a  part  in  the  investigation  of  htemoglobin. 

In  such  kinds  of  proee^-es.  then,  we  have  to  deal,  not  with  simple  linear 
relationships,  but  with  exponential  or  logarithmic  ones. 

Other  aspects  of  the  question  may  be  found  in  Newton's  "  Law  of  Cooling  "  iiftvb 
of  tiie  earlieat  eases  to  which  the  infinitesimal  calculus  was  applied.  Here  tbA 
rate  of  codling  depends  on  the  difference  of  temperature  between  the  hot  body  and 
it^  surroundings,  so  that  it  steadily  diminishes  as  tlie  temperature  difference 
becomes  less ;  in  theory,  equality  of  temperature  is  attained  only  after  an  infinite 
time,  asymptotically,  as  it  is  called,  after  the  straight  lines  to  which  such  a  curve  as 
the  hyperbola  contmually  approacbee  without  actually  reaching ;  this  is  due  to  the 
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fact  that  each  succet^ding  portion  of  the  curve  moves  towards  the  asymptote  a  little 
less  than  the  previous  portion  did.  In  such  cases  as  loss  of  heat,  or  the  rate  of  a 
chemical  reaction,  we  may  regard  the  driving  force  as  becoming  le^is  and  lesM 

The  increase  of  money  lent  at  compound  interest  follows  a  similar  law  ;  for 
this  ronsori,  the  general  law  in  which  a  function  varies  at  a  rate  proportional  to 
itseil,  uu  exponential  function,  called  by  Kelvin,  the.  compound  interest  latv" 
On  this  point,  pp.  56-64  of  Mellor's  book  (1909)  will  repay  perusal. 

The  name  '^^ function  "  has  just  been  used  without  explanation  and  it  may  be  useful  here  to 
rcft'i  to  some  terms  often  mot  with  in  (lescriptions  of  phenoniciiii  from  tlie  mailieniaticAl 
standpoint.  The  volume  of  a  «veu  uiaaa  of  a  particular  gas  u  diffsrent,  according  to  the 
pressure  to  which  it  js  exposed ;  out  it  is  always  the  same,  other  oonditjons  being  miMianged, 
when  the  same  pressure  is  applied.  The  volume  of  a  gas  is  aaid  to  be  a  "function"  of  the 
pressure.  A  function,  then,  i«  a  quantity  which  changes  accordins  to  some  definite  law  when 
ancfcher  quantity,  of  which  it  is  esid  to  be  a  fttnotion,  onanges.  Thu  is*eipreMed  in  i^bols  t— 

«a/(|i),  in  the  case  of  Boyte^s  law ;  or,  geoerslly,  y 

whioh  means  that,  to  every  .  ili.'  if  z,  there  is  a  detf riuinat*?  value  of  y.  x  and  y  are  called 
*^  variatbUa."  Any  quantity  whicli  roinains  unchanged  during  a  particular  mathematie^il 
operation  is  oalleo  a  "ooMtonl.'*  When  the  value  of  one  variable  depends  on  that  of  the 
other,  x^.  in  the  example jgiven,  the  first  is  called  the  "dependent  varinhlf,"'  the  second,  the 
"  ind>  fjcndtnl  ruriable."  Which  of  the  two  is  chosen  as  the  independtint  variable  is  a  matter 
of  convenience.  In  cases  involving  time  as  one  variable,  it  is  usually  taken  as  the  independent 
variable,  sinno  its  changes  are  the  most  uniform.  When  the  values  of  y  are  simple  arith- 
metical umltipks  or  fractions  of  those  of  so  that  the  graph  is  a  straight  line,  y  is  said  to 
be  a  titular  Junction  "  of  «.  When  y  varies  as  a  power  of  »,  it  is  ssid  to  be  ao  **e:qHmeqtiai 
function,"  and  so  on. 

Speaking  generally,  the  object  of  scientific  research  is  to  find  out  bow  one 
thing  depends  on  another,  in  fact,  what  "function"  the  one  is  of  the  other. 

To  return  to  our  main  theme,  we  find  that  the  work  done  in  compressing  a  gas 
isothermelly  from  the  volume  v^tov-^is : — 

RTlog.^. 

Further,  since,  by  Boyle^a  law,  pressures  are  inversely  as  volumes,  we  have : — 

and  writing  Cy  and  <^  for  osmotic  or  molar  concentrations  of  any  two  solutions 

as  being  proportional  to  and  p  .,  we  have  a  formula  which  gives  the  work  done 
in  concentrating  a  solution  from  the  value  Cj  to  c.,,  as  in  the  case  of  the  kidney 
when  secreting  urine  of  an  osmotic  pressure  different  from  that  of  the  blood. 

If  «|  and  represent  the  concentration  of  an  ion  in  two  solutions  in  contact 
with  electrodes  of  the  same  substance,  we  have  the  electromotive  force  of  the 
battery,  due  regard  being  taken  as  to  the  units  in  which  H  i«'  expressed.  We 
shall  see  later  how  this  fact  is  made  use  of  to  deternune  the  real  acidity  of  a 
solution,  and  how  it  is  related  to  the  electrical  changes  taking  place  in  active 
oi^gans. 

For  further  details  as  to  this  important  law,  the  reader  is  referred  to  the  work  of  Kenwt 
(1011,  pfk  51  and  02),  and  the  essay  of  Benjamin  Moore  (1906»  pp.  21,  etc.). 

The  practical  bearing  of  the  logarithmic  form  of  the  equation  may  be  seen  in 
the  case  of  a  concentration  battery  in  hydrogen  ions,  as  used  for  determining  the 
true' acidity  nr  ill  nhiiity  of  u  complex  fluid  like  blood,  for  example.  If  the. 
relative  concentration  of  the  liydmiien  ions  in  the  two  solutif»ns  compared  is,  in 
one  case,  as  2  to  1,  and,  in  another  case,  as  10  to  1,  the  electromotive  force  in  the 
second  case  will  not  be  ilve  times  that  in  the  first,  but  in  the  ratio  of  log  10  to  log  2, 
that  is,  as  1  to  0*301,  or  alxnit  3-3  times.  Thus  the  actual  E.M.P.  <rf  a  battery, 
comprt^cd  of  a  standard  calomel  electrode  combined  with  a  hydrogeti  electrode  in 
one-tenth  normal  hydrochloric  acid,  is  0  394  volt,  while  if  one  hundn'dtii  m»nnal  acid 
is  taken,  the  value  is  0  452  volt.  It  will  be  noted  that  the  logarithmic  form  of  the 
equation  lessens  the  delicacj  of  the  method. 
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MATU£MAiICb  IN  PHYSIOLOGY 

This  is  the  most  appropriate  place  to  refer  to  tHe  view  taken  by  some,  that 

the  intn^duction  of  iiiiitheiiuitici>  into  biological  questions  is  mischievous. 

TIvixle\"'s  (1902,  p.  o.j3)  Loroparison  of  mathematics  to  a  inill,  which  only 
gives  out  in  another  form  what  was  put  into  it,  is  often  quoted.  At  the  same 
time  we  most  not  forget  that  thia  new  form  is  much  more  useful  than  the 
original  one. 

Plato  remarks,  "If  firitlinu^v-,  tnensuration  jiikI  weighing  be  taken  away 
from  any  art,  that  wliich  remains  will  not  be  much  '  ("Philebus,"  Jowett's 
translation,  1875,  vol.  iv.  p.  104).  Stephen  Hales  devoted  himself  to  qu&ntita^ 
tire  measurements  in  physiology  and  defined  his  point  of  view  thus  (1727, 
p.  2) :  "  Since  we  are  assured  that  the  all-wise  Creator  has  observed  the  most 
exact  proportions,  of  number,  weight,  and  tnemure,  in  the  make  of  all  things, 
the  most  likely  way  to  get  any  insight  into  the  nature  of  those  parts  of  the 
creation,  which  come  within  our  ohservatiioii,  must  in  all  reason  be  to  number, 
weigh  and  measure.  And  we  have  much  encouragement  to  pursue  this  method 
•  >f  searching  into  tlio  nature  of  things,  from  the  great  success  that  has  attended 
any  attempts  of  this  kind."  Tho  Biblical  passage  referred  to  will  be  fmmd  in 
the  beautiful  40th  chapter  of  Isaiah,  verse  12 :  "  Who  liatli  measured  the 
waters  in  the  hollow  of  his  hand,  and  meted  out  heaven  with  the  span,  and 
comprehended  the  dust  of  the  earth  in  a  measure,  and  weighed  the  mountains 
in  scales,  and  the  hills  in  a  balnnce?" 

If  it  be  admitted  that  our  physiological  methods  are  limited  to  those  of 
physics  and  chemistry,  further  remarks  are  uuuece&aary.  The  value  of  mathe- 
matics in  physics  is  plain  to  every  one,  and  its  value  in  chemistry  beotMnea 
continually  more  obvious.  As  Arrhenius  (1907,  p.  7)  points  out,  the  expression 
of  experimental  results  in  a  formula  shows  their  relation  to  known  laws  in  a 
way  which  is  otherwise  very  diDicult  or  impossible  to  attain.  One  is  enabled 
to  see  whether  all  the  factors  have  been  taken  into  account  and  even  an 
empirical  formula  may  assist  in  deciding  whether  irregularities  are  due  merely 
to  experimental  error  or  to  some  unsuspected  real  phenomenon  in  the  process. 

For  example,  the  actioD  of  trypsin  on  a  protein  miglit  lie  expectetl  to  folltAv  thv  .  oursc  of  a 
uui -molecular  reaction  (see  Chapter  X, ),  Actually  we  find  that  the  velocity  ctuujuiiit  calculated 
by  the  appropriate  formula  snows  a  oontioual  diminutioin  as  ths  reaction  proceeds.  This 
fact  lead^  us  to  \ixj\i  for  the  ^  o'Sf.  In  experiments  on  the  influence  c-f  alkali  we  find  that  the 
activity  of  trypsin  is,  withiri  limits,  ia  proportiuu  lu  the  degree  of  alkaljiiiLy  uf  the  digest. 
We  naturally  look  for  diminution  of  alkalinity  in  the  course  of  trypsin  digestion  and  6nd  that 
the  produotioo  of  amtno^id!^,  espeoially  the  strongly  acid  di>oarooxyiic  ones,  is  capable  of 
pfodtioing  a  oomidmbte  change  in  tiw  mreotloin  in  question.  «t 

Possibly  it  may  seem  hard  to  add  an  extra  burden  to  the  already  large  * 
e>i  ii[  nicnt  necessary  for  the  physiological  investigator.  The  reader  will,  no 
d«>uht,  have  been  struck  by  the  wide  range  nf  natural  knowledge  wliicli  has  to 
be  taken  into  account.  At  one  moment  we  may  be  concerned  with  the  move- 
ments of  protoplasm  in  a  vegetable  cell,  or  the  composition  of  the  primeval 
ocean,  and  at  the  next^  the  work  done  in  compressing  a  gas,  the  chemical 
properties  of  amino-^ids,  or  the  constitution  of  dyes. 

In  connection  with  the  wide  range  of  knowledge  implied  in  the  various  problems  with 
which  phvBioiog^'  is  concerned,  it  is  interesting  to  remember  that  oxygen  wus  discovered  Lv  a 
physiOKMpst,  Mayow,  as  we  shall  see  in  Chapter  XXL,  and  many  tacts  belonging  to  other 
sciences  nave  also  been  hrought  to  light  in  physiological  investigations.  On  the  other  side, 
we  may  note  that  the  function  of  the  heart  was  practically  discovorecl  by  an  artist,  Leonardo  ; 
'h^-  arterial  pressure  by  a  clerKvnian,  Hales;  the  capillary  circulation  by  a  "bedell,"  Leeu- 
wenboek ;  intravenous  injection  bv  an  architect,  W  ren ;  the  nature  ot  animal  heat  by  a 
ehemist,  Lav^er ;  the  fanetioD  of  the  green  plant  by  a  minister,  Priestley ;  and  so  on. 

A  moderate  amount  of  mathematics  will  probably  have  to  suliice  for  m(^t 
of  us,  ^aongh  to  be  able  to  understand  and  use  the  fundamental  equations. 

But,  since,  as  often  insisted  on  already,  vital  phenomena  are  essentially  changeSi 
it  will  be  obvious  that  the  infinitesimal  calculus,  which  deals  with  changing 
quantities,  must  be  included,  at  least  in  its  elements.  It  might  indeed  with 
Advantage  be  allowed  to  take  the  place  of  much  of  the  geometry  and  trigonometry 
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taught  in  our  schools,  as  is  well  pointed  out  by  Prof.  Perry  in  his  "Calculus  for 
Engineers." 

As  a  brief  introduction,  the  first  chapter  of  MelWH  "Chemical  Statics  and  Dynamics' 
may  be  recommended.    The  admirable  book  of  Nern«t  and  Schoufliea,  of  w  hich  unfortunaUly 


Fk;.  'i'*.    RESf  nK.srARTr<». 

(From  th*;  portrdii  by  Franz  UuLs,  iu  the  Louttb  OaHsry.) 


no  Kiigliah  translation  exist<^.  may  follow,  and  then,  perhaps,  Mellor's  **  Higher  Mathematics 
for  Students  of  Chenu»-lry  aiifl  I'hysics." 

Experimental  renults  can  ahno»t  invariably  be  best  expressetl  graphically,  owing  to  the 
direct  apiwal  to  the  eye. 

The  way  in  whicli  algebraical  foimuUecan  be  represented  bj- geometrical  fi^urcA,  or  vice 
versa,  wan  discoveretl  by  l)e^<>artes  and  puliliHlie<l  in  Iuh  famous  "Geometrie"  in  lf}37.  The 
co-ordinates  when  referreil  to  two  axes  at  an  angle  to  one  ani)ther,  are  acconlingU'  known  as 
"Cartesian  co  ordi nates."   This  syMtuui.  with  the  axes  at  right  angles,  ia  that  moat  commonljr 
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med  in  representing  experimental  results  in  a  craphic  form.  The  fact  should  also  be 
nftnembered  that  Descartes  realise<l  the  import  of  uis  method  as  the  commencement  of  the 
expression  by  means  of  algebraical  formula}  of  continuously  varying  quantities"  (PUiyfair). 


Fifi.  20.    PouTRAiT  OF  John  Napiek  or  Mkrchistoj*. 


(FVom  portrait  in  i>ossession  of  the  University  of  Edinburgh. 
From  The  Aferchiatouinn,  1912- 13.) 

In  other  words,  the  history  of  the  diflercntial  calculus  may  be  said  to  begin  with  him.  His 
portrait  wiU  be  found  in  Fig.  25.  .       .  .  .  ,       ...  ^  j 

If  the  reader  attempts  to  follow  the  reasoning  given  by  Descartes  himself,  he  will  find 
it  a  difficult  task.  It  seems  as  if  the  philosopher  did  not  wish  that  his  opponents,  of  whose 
mental  capacity  he  had  a  very  nmnll  opinion,  should  understand  him  too  easily.  Accessible 
editions  of  Descartes'  works'  will  be  found  given  in  the  Bibliography  at  the  end  of  the 
present  work. 
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The  experimenter,  mHu  uses  a  slide  rule  or  a  table  of  lo^arithiua  to  diminish  his  arith- 
metical labours,  should  often  feel  grateful  to  the  inventor  ol  logarithms.  This  was  Xapier 
of  Merchiston,  whose  portrait  will  be  found  in  Fig.  26.  Merohiston  Tower  is  seen  in  Fig.  27. 
For  most  purposes,  the  short  straight  form  of  slide  rule  gives  sufficient  accuracy.  If  a  greater 
number  ot  significant  places  is  required  in  the  result,  the  spiral  form  of  Fuller  is  very 
convenient  in  use.  It  is  made  by  Stanley.  The  Handbook  to  the  Kxhibition  at  the 
Tercentenary  of  Napier,  jpublishe<i  by  tiie  Iloyal  Society  of  Eklinburgh  in  1914,  will  be  fouml 
useful  in  connection  with  the  history  and  use  of  logarithms,  as  well  as  with  other  aids  to 
calculation. 

There  is  sometimes  an  unfounded  prejudice  against  smoothed  curves,  but,  if  the  data  show 
any  sort  of  regularity,  the  course  of  the  phenomenon  is  more  accurately  shown  by  such  a 
curve,  since  it  eliminates  accidental  errors.  It  may  be  useful  to  describe  the  method,  slightly 
moflified  from  that  of  Ostwald-Luther  (1910,  pp.  28-30),  which  I  have  found  the  most 
convenient  one  for  drawing  curves  for  repnxluction.  TJie  experimental  values  aro  first 
marked  by  +  at  the  intersection  of  the  co-ordinates,  given  appropriate  values,  on  B<]uared 
paper ;  a  curve  is  drawn  as  smo«jthly  as  po<^ible  by  hand,  using  a  pencil,  through  these 


Fig.  27.    Mkrchiston  Towek. 

(Published  by  S.  Hooper,  1790.    From  Th« 
Merchigloniaji,  1912-13.) 


points.  The  paper  is  pasted  on  to  a  piece  of  moderately  thick  cardboard,  which  is  then  cut 
with  scissors  along  the  curve,  so  as  to  obtain  a  template.  The  movement  of  the  hand  in  this 
operation  is  verv  regular,  being  sensitive  to  the  least  deviation  from  a  regular  course. 
Ostwald  states  tliat  the  co-ordination  of  hand  and  eye  is  sensitive  to  the  second,  or  even 
thirtl,  differential  coefficient.  This  template  is  usetl  to  draw  a  curve  in  pencil  on  Biistol 
board,  which  curve  is  then  inked  in  by  means  of  a  French  curve  or  a  flexible  curve.  (The  best 
is  the  "J.  R.  B."  made  by  Harlinc,  Finsbury  Pavement.)  It  will  be  plain  that  the  larger 
the  scale,  within  limits,  to  M-hich  the  curve  is  drawn,  the  better  it  will  look  when  reduced 
for  publication  ;  the  slight  inaccuracies  in  the  use  of  the  French  curve  will  be  invisible.  Th© 
little  work  by  Howard  Ihincanon  "Practical  Curve  Tracing"  (Longmans)  will  be  usefuL 

A  word  of  caution  may  l>e  allowed.  Although  an  equation  may  express  in 
one  line  wliat  would  require  pages  of  verbal  description,  it  must  not  bo 
forgotten  that  it  is,  after  all,  but  a  kind  of  shorthand,  and  must  never  be 
perniitt€<l  to  serve  in  place  of  a  clear  conception  of  the  process  itself.  The 
same  thing  may  be  said  of  structural  formula?  in  clicmistry,  which  are  only  a 
very  convenient  way  of  expressing  certain  facts  in  the  play  of  molecular  forces, 
whose  nature  is  as  yet  unknown.  This  fact  sometimes  seems  to  Ik?  in  danger 
of  being  forgotten,  and  '*  bonds "  regarded  as  actual  material  threads  holding 
atoms  together. 
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Structural  formu!:t!  Honietimes  say  t..o  iiuk  Ii  even  M'hen  regarded  meiely  as  rt'cnrds  of 
experimental  results;  in  other  ways  they  du  not  »ay  enough.  A.  VV.  SteWart  uointa  out 
(C%«mM  Wwid^  December  \%\%  p.  415)  that  in  the  formnla  for  aoetio  aoid*  if  writtco 
tliiie: — 

CH,-C=0 
OA 

there  is  experimental  evidence  that  the  three  methyl  hydrogen  atoms  are  rlifT.  rent  from  the 
hydrnxyl  one,  but  that  there  is  no  e\'idence  for  the  existence  of  a  CO  gruup ;  ihjiiu  of  the 
rL-actioiiH  uhanicteriBtic  of  its  presence  ure  gi\'en  hv  aoeti.-  acid.  In  order  to  make  the  formula 
iniorm  as  of  the  difference  bet  ween  the  various  bychrogen  at^ims,  which  is  not  directljr  iDcUoatedf 
we  have  to  treat  the  groups  CH^  and  OH  as  wholes,  saying  that  hydrogen  {9  not  the  satne 
whrn  nnitod  wth  oxj'gen  as  wlicn  united  with  carJwn.  'Moreover,  carbonyl,  as  sucli.  in  not 
preiient  in  acetic  acid when  CO  is  united  with  OH,  a  new  radical,  COOU  (carboxyl),  is  formed, 
which  raiwt  Itaelf  be  taken  ae  a  whole,  eo  that  the  fomrala  of  aoetic  acid  jie  more  correctly 
written : — 

CHj-COOH. 

Tliese  couijKjixentii  of  organic  compounds  beka\  t;,  ivs  it  were,  as  elements,  and,  strictly  Hpeaking, 
to  nmko  structural  formulje  more  complete  in  certain  ways,  it  would  be  necessary  to  give  each 
of  these  radicals  a  distinctive  aymbol.  The  esaenoe  of  chemical  combination  i«,  of  course,  that 
the  properties  of  elemente  are  changed  when  united  with  others,  as  in  tVe  common  illustration 
of  mercuric  iodide.  The  object  of  thcso  reiuarka  is  mereh'  to  advocate  more  critical  use  of 
structural  formuls  than  is  apt  to  be  made  by  a  certain  school  of  chemists,  who  appetr  to 
think  that,  if  a  fonnnia  can  be  made  to  indicate  the  fioasibility  of  a  partioular  mode  of 
combination,  the  fact  is  in  itself  pnx»f  that  such  a  reaction  actually  nrcur^.  V,.  H.  Ta  wcs 
UiJ64,  p.  131)  refers  to  the  profound  peycholoncal  nii:>take  of  hnUUiig  "that  whenever  man 
can  form  clear  ideas,  not  in  themcelvee  contcadictoij.  these  ideas  must  of  neoesaity  repceeent 
truths  of  nature."  This  view  was,  at  otie  timf,  very  widely  held,  and  even  by  so  great  a 
as  Descartes.    For  further  discussion  see  Karl  Pearson's  book  (1011,  chapter  viii.)> 


THE  CARBON  ATOM 

The  queatiou  may  properly  l>e  asked,  What  are  the  peculiarities  that  make 
organic  chemistry  a  special  domain  and  of  especial  importance  in  phv-jic'iogical 
science  t  The  reason  liea,  as  van't  Boff  {1881,  L  p.  34  ff.,  and  ii.  p.  240  ff.) 
points  oat,  in  the  characteristic  qualities  of  carbon  itself.  This  author 
enumerates  five  items  : — 

1.  The  quadrivalence  renders  possible  an  enormous  number  of  derivatives 
of  an^  one  oompound. 

'    2.  The  capacity  of  carbon  atoms  of  uniting  with  each  other  allows  a  great 

variety  of  modes  of  combination. 

3.  Its  position  in  the  pcrioflic  system,  in  the  middle  between  positive  and 
negative  elements,  gives  it  the  power  of  uniting  with  tlie  most  dififerent 
elements — ^hydrogen,  nitrogen,  oxygen,  chlorine,  etc.  (see  the  table  in  Kemat's 
book,  1011,  p.  180).  Ow  in;:  to  t^is,  it  is  readily  capable  of  alternate  oxidation 
and  re'luction,  and  thus  of  acting  as  a  carrier  of  energy. 

4.  When  three  of  its  valpncips  nro  •^.Ttiuated,  tlio  fourth  vaiencv  has  a 
"positive"  or  "negative"  character,  according  to  the  nature  of  the  groups  in 
we  othw,  three  places.   Thus  vhili&— 

NO/ 

b  usually  "  negative," 

is  markedly  "  positive,"  like  hydrc^en. 

5.  The  slowness  of  reaction  or  inertia  of  the  carbon  compounds  is  of  much 
significaiK-n  in  vital  phenomenn.    A*:  an  illustration,  methyl  sulphonic  acid  is  much 

^  more  stable  than  sulphurous  acid,  having  a  methyl  group  in  place  of  hydrogen. 

EFFECT  OF  TEMPERATURE  ON  THE  KATE  OF  REACTIONS 

Chemical  reactions  arrive  at  their  point  of  equilibrium  and  stop  deafi  at  it 
without  overshooting.    They  are,  in  fact,  aperiodic,  like  processes  in  general 
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taking  place  a^^'ainst  resistance.  This  being  so,  a  formula  similar  in  form  to  tbat 
of  Ohm's  law  in  electricity  must  bold.    Thus  : — 

Velocity  of  reaction  -   eheuucal  force  ^ 

chemical  resistance 

Chemical  force  is  a  function  of  the  free  energy ;  very  little  is  definitely  known 
as  to  chemical  resistance,  except  that  it  is  greatly  diminished  by  rise  of 

temperature. 

All  chemical  reai  tions  are,  therefore,  increased  in  rate  by  rise  of  tenipertitore. 
Some  confusion  is  apt  to  arise  with  respect  t4>  endotliermic  reactions,  on  account  of 
the  efiect  of  temperature  on  the  equilibrium  point,  to  be  described  presently. 
Endodiermic  reactions  require  to  he  supplied  with  energy  from  thdr  surroundings, 
since  the  products  have  a  greater  store  of  potential  energy  than  the  hodies  from 
whicli  they  are  produced  ;  but  it  must  not  be  forgotten  that  they  proj^ress  of 
themselves.  A  chemical  reaction  takes  place,  in  fact,  when  the  intensity  factor  of 
tile  eiieigy  associated  with  the  original  mixture  is  greater  than  that  of  the  final 
system  (see  Mellor^s  book,  1904,  p.  25),  whether  the  reaction  be  endo-  or 
Exothermic. 

From  the  standt  nint  of  the  kinetic  thforv  of  heat,  it  is  easy  to  see  why  aU 
proce-sses  conditioned  by  rate  of  molecular  movement  are  accelerated  by  rise  of 
temperature.  But,  as  Nemst  points  out  (1911,  p.  680),  it  is  not  so  easy  to  see 
why  the  acceleration  of  chemical  reactions  is  as  great  us  it  is.  A  rise  of  10'  C. 
usually  doubles  or  trebles  this  rate  (T>aw  of  van't  Hoff),  whereas  "the  velocity  of 
molecular  movement  in  gases,  and  in  all  probability  in  liquids  also,  is  proportional 
to  the  square  root  of  the  absolute  temperature."  So  that,  if  it  has  a  value  of 
100  at  20%  it  will  only  inoreiMe  to  101-7  at  30',  instead  of  to  200;  Ooldschinidt 
(1909,  p.  206),  however,  has  shown  that  only  those  uiolecules  react  whose  veloctlj 
exceed-^  a  certain  high  value,  so  that  the  difficulty  disai)pcars. 

Conclusions  are  sometimes  drawn  as  to  the  nature  of  a  particular  process  from 
the  value  of  the  temperature  coeflficieut.  This  quantity  variejs  so  much,  not  only 
aooording  to  the  position  on  the  scale  of  temperature  at  which  the  reaction  happens 
to  take  place,  but  also  in  individual  cases,  that^  on  this  ground  alone^  caution 
must  be  exercised. 

Fur  example,  tho  saponiBcation  of  ethyl  butyrate  bv  barium  hydroxide  between  60*  and 
GO''  has  the  low  value  tor  a  chemical  reaction  of  1*3.3  lor  10'  (Trautz  and  Volkmann,  \90^ 

f.  79),  whereii*  diffusion,  a  physical  prooeBS,  has  a  value  nearly  as  high,  l-SS  (Nemat^ 

888,  p.  asM).  Chick  and  Martin  (1910,  p.  416)  find  that  the  heat  ooagttlation  of  httmoglobiB 
hss  the  extraordinarily  high  temperature  coefficient  of  Id's  for  10^,  while  that  of  attmioin  is 
evfii  higher.  It  is  of  huerest  tliat  P.  von  Si  hroeder  (1903,  p.  88)  finds  thit  geliitine  solutioOi 
in  a  particular  conditioti,  haa  a  viacuuity  at  21  represented  by  13*76,  whereas  at  31°  it  ia  ont^ 
1*42 ;  that  i^^  about  ten  times  less  for  10"  rise  of  temperature.  Aa  will  be  seen  later,  oolMoa 
of  the  type  cf  j^'i  latine  play  a  l.irge  part  in  vitiil  proresHe?;.  The  temperature  cnefllcicnt  of  Xhr 
rate  of  absorption  ol  Hrtter  bv  the  seeds  of  barley  has  recently  lK*en  show  n  hy  Adrian  Brown 
and  Worley  (191*2,  pp.  546-55^)  to  be  of  the  order  of  that  Ufu;illy  regarded  as  oharacteriBtio  of 
chemical  reactions.  They  also  find  that  the  rate  is  an  exponential  function  of  the  t temperature. 
This  is.  as  Mellor  points  out  (1904,  p.  394),  very  rare  for  a  physical  procesa.  Tlie  increase  of 
the  vapuiir  pressure  of  a  liquid  is  imo  of  these  rare  cases,  and,  in  fact,  the  value  of  the 
exponent  in  Brown  and  Worley 's  oxpcrijuente  i«  the  «ame  as  that  of  the  vapour  pressure  ol 
water.  l!h»  bearing  of  tbit  faot  on  the  eflfoot  of  temperators  on  cheouosl  reaetion  in  general 
will  be  found  in  Chapter  YIIL 

The  impossibility  of  forming  conclusions  as  to  the  physical  or  chemical  nature 
of  fi  proees*;  from  the  temperature  coet?icieiit  of  its  velocity  is  well  shown  by  the 
work  of  Knowlton  and  Starling  (1912,  p.  206),  on  the  effect  of  temperature  on  the 
rate  of  the  heart-beat  in  the  isolated  heart-lung  preparation.  This  rate  is  a  linear 
function  of  the  temperature,  as  shown  by  Fig.  28.  In  other  words,  a  given  rise  of 
temperature  produces  the  same  increase  at  different  points  of  the  scale.  But  such 
a  reliitionship  is  what  we  find  in  the  simplest  jhysical  process,  such  as  the  ' 
expansion  of  a  gas.  Therefore,  if  the  temperature  coethcient  is  any  index,  the 
heart-beat  is  a  purely  physical  process.  This  is  obriously  an  absurd  conclusion. 
We  know  that  rise  of  tenifH  rnturc  accelerates  the  chemical  changes  in  the  heart 
muscle,  as  evidences!  by  the  increase  in  the  oxygen  consumption  (T/ivatt  £van% 
1912,  p.  231),  and,  in  fact,  it  is  very  interesting  to  find  that  this  increased 
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inetabo1i*5m  is  directly  proportional  to  the  increase  of  rate,  tluit  we  liave  a^ain  a 
linear  relation.  It  will  be  plain  that,  in  such  a  case  as  that  before  us,  one  cannot 
speak  of  a  ** coefficient "  tn  the  strict  sense.  If  such  a  number  be  calculated,  for 
any  particular  temperature,  it  will  not  apply  to  any  other  tempemture. 

Consider  indeed,  for  a  moment,  the  complexity  and  variety  of  the  forms  of 
energy  cliange  involved  in  a  mn«scular  contraction — surface  and  voUime  energy, 
thermal,  electrical  and  chemical  energy.  I  think  that  it  must  be  admitted 
that  to  attempt  to  draw  eooelnsions  from  the  temperature^  coeiBcient  of  the 
entire  prooesa  does  not  seem  likely  to  lead  to  results  of  much  value.  This 
mm  ark,  of  course,  applies  to  the  activities  ol  living  protoplasm  in  general,  as 
"well  !is  to  muscle. 

Krogh  (1914,  1),  more- 
over, finds  that  the  velocity 
of  enibrTonic  (!ivi8ion  in 
amphibta,  iiiitucte,  and 
•ehtnoderms  cannot,  even 
approxiniatelv,      be  ex- 

finrssed  by  the  van't  Hoff 
r>rn)ii]H  of  temperature 
eflidct  on  chemioal  reao* 
tiom.  Between  normal 
liniils,  tlie  relation  is  a 
linear  one.  In  a  further 
fmper  (1814,  2),  Rrogh  6nds 
•hrit  tlitrc  is  no  optirouDi 
tenipeiaLurt-  tor  the  evolu- 
tion of  carbon  dioxide, 
and  that  this  prooess  also 
foilowa  a  linear  law. 

Regarded  from  an* 
other  point  of  view,  we 
must   remember  that 

these  vital  phenomena 
are  taking  place  in 
heterogeneous  systems, 
that  is,  in  systems  eon- 
siHting  of  vttridUs  solid 
and  liquid  phases. 
When  not  coarsely 
heterogeneous  they 
are,  at  lea^tt  colloidal, 
or  ultramicroscopically 
heterogeneous.  We 
liave,  therefoi-e,  several 
processes  in  addition 
to  the  purely  chemical 

nno  'jiMTtL'  rn\  toij*»ther,  viz.,  diffusion  of  constituents  of  the  reaction  to  and  from 
the  surface  whore  the  reaction  occurs,  similarly  to  the  action  of  hydrochloric  acid 
on  a  plate  of  marble,  followed  by  condensation  on  the  surface  and  so  forth.  As 
Nemnt  points  out  P-  vdocity  of  tlie  process  as  a  whole  will 

be  conditioned  by  that  factor  which  takes  placf  at  the  slowest  rate.  In  many 
cases  this  is  ditTu'^ion,  as  in  the  exj>erimerits  of  IJrunner  (1904,  p.  56).  But  it 
doea  not  seem  necessary  that  this  should  always  be  the  case.  It  is  con- 
ceivable tliat  the  chemical  factor  in  the  complex  may  be  slowed  down,  as  by 
a  low  temperature,  so  far  as  to  become  slower  than  the  diffusion  factor.  In 
such  a  case,  the  "limiting  factor,"  to  use  Blackman's  expression,  would  be 
transferred  from  the  diffusion  process  t  *  the  chemicnl  reaetion.  I  am  not 
aware,  however,  that  any  in.stance  of  such  a  chancre  has  l»t  »  ii  met  with. 

Further  diecuaaion  of  heterogeneous  reactions  wU!  be  lound  in  L  hapter  X.,  when  treating 
of  mtaljrtio  action.   In  the  present  place,  attention  is  directed  mainly  to  the  complexity  m. 

any  {riven  vita!  prwess,  and  to  the  uncertainty  a?  to  what  factor  i«  the  controlling  one  in  the 
Telocity  <jf  the  reaction,  or  which  one  il  is  whose  temperature  coetfacient  is  being  measured. 


FlO.  28.     EtFECT  or  TK.MPERATrKi:  i'\  THE  RATE  t>F 
BEAT  OF  TH£  ISOLATED  XA^MAUAN  HKA&T. 

Abfjj—  UmpMsturfc 
Ordinsles  number  of  beau  nibtute. 

Bsc«pscn  tfes  llBdtfolse'aiid  40*,  in  whkb  tbs  hevi  ooatiniMs  to  < 
ttact  jMxnaa^i  tbe  ralatlott  is  linear.  There  is  no  tesipentive 

(Knowlton  and  Starling,  1912,  317.) 


Digitized  by  Goo^^lc 


44  PRINCIPLES  OF  GENERAL  PHYSIOLOGY 

ANIM.IL  TEMPEUAiUKL  AND  ITS  IIEGULATION 

From  the  preceding  paragraph  it  will  lie  obvious  that,  for  rapidity  of 
adaptation  to  outside  changes,  it  is  of  advantage  to  the  reacting  organism 
that  its  prooesaes  be  carried  on  at  a  raised  temperature.  Suppose,  however, 
that  a  chemical  reaction,  such  as  an  oxidation,  is  set  in  proj^ress.  Heat  pn> 
dueed  accelerates  the  reaction,  and  it  will  tend  to  become  faster  and  faster, 
vf^rrrin;,'  on  an  explosion.  8ome  means  of  regulation  of  such  reactions*  is 
cifariy  necessary.  One  obvious  way  of  doing  this,  in  the  case  of  oxidation,  is 
to  limit  the  supply  of  oxygen.  Organisms  provided  with  circulation  of  blood 
conveying  oxyi;on  have  the  power  of  cutting  down  the  supply  to  their  various 
parts  by  metiiods  to  de.-crilK-d  later.  In  warm-bloodtHi  animals  the  chief 
source  by  which  tlie  temperature  is  kept  up  is  muscular  contraction,  controlled 
by  the  nervous  system.  * 

Apart  from  it8  effect  on  chemical  rMcUoos,  a  high  teniperatars  is  aim  of  advantage  in  iti 
action  on  physical  }>t"  <^sKe^  dimiiuabing  tiie  iulemal  iriction  <rf  liquids  euoh  as  blood» 
hastening  diflQuoii,  and  so  on. 

The  qnesUoD  viU  be  disensasd  further  in  Chapter  XIV. 

THE  EFFECT  OF  TEMPEBATURE  OK  EQUILIBRIUM 

The  confusion  that  is  sometimes  ma<|e  between  the  effect  of  heat  in  increasing 

the  rate  of  a  change,  and  its  effect  on  tJie  position  of  equilihi  ium  in  a  reversible 
reaction,  lias  l>epn  already  alluded  to.  We  have  seen  that  tlu-  rate  of  anvrenetion, 
exolhennic  or  endothermic,  is  accelerated  b^-  rise  of  temperature.  Un  tlie  position 
of  equilibrium,  its  effect  may  differ  in  individual  cases,  as  may  be  seen  theoretically 
from  the  consideration  that,  of  the  two  1>alanced  opposing  reactions,  either  one 
mav  lie  accelerated  more  than  the  other.  It,  f->r  examiile,  the  synthetic  reaction 
in  the  case  (if  alcohol,  acid,  ester,  and  water  were  accelerated  more  than  tlie 
hydrolytic  one,  the  etjuilibrium  wuukl  be  moved  in  such  a  direction  tliat  more  ester 
would  be  present  and  less  alcohol  and  acid,  and  conversely. 

In  actual  fact,  the  effect  in  question  di&rs  in  directioji  in  tiie  case  of' exothermic 
an  i  f  II  1  ithermic  reactions.  The  law  expressing  this  relationship  was  detluced 
theriiiutlynamically  by  van't  Hott  (1884,  pp.  161-176).  For  the  reasoning  adoj.ttd. 
the  reader  may  consult  Mellor's  "Chemical  Statics  and  Dynamics  "  (pp.  39.3-401/. 
The  "Principle  of  Mobile  Equilibrium,''  introduced  by  van't  aoS,  may  be 
expressed  briefly  as  follows:  Any  change  of  the  temperature  of  a  system  in 
equilibrium  is  followed  by  a  i-everse  thermal  change  within  the  system.  Bv 
taking  .separately  the  three  possible  cases,  the  meaning  will  be  made  more 
intelligible. 

1.  Suppose  that  a  reaction  has  taken  place  by  u  hidi  a  substance  B  has  been 

formed  from  another  substance  A.  If  this  reaction  has  l^een  accompanied  by  the 
ero^nfimi  of  heat,  a  rise  of  temperature  will  cause  an  increase  in  the  quantity  of  A, 
In  other  words,  the  leactiun  is  partially  reversed.  Heat  is  absorbed  and  the' 
tnnpemture  fells.  Since  the  law  holds  for  physical  as  well  as  chemical  phenomena, 
it  may  easily  be  remembered  by  consideration  of  the  condensation  of  water  vapour 
(A)  to  lifjuid  (P.'),  Nvhicli  is  accompanied  by  evoUiti''>n  of  heat.  The  law  tells  ns  that 
raising  the  temperature  will  increase  the  quantity  of  steam  (A),  as  every  one  knows. 

2.  If  the  reaction  is  endothermic,  accompanied  by  absorption  of  lieal^  rise  of 
temperature  will  cause  decretue  in  the  quantity  of  A,  that  is,  the  reaction  will  go 
on  further.  One  may  say  that,  as  the  reaction  requires  heat  to  progress,  an  extra 
supply  will  help  it  on.  Heat  again  is  absorbed.  An  illnstrntinn,  merelv  tn  assist 
the  memory,  is  the  case  of  ether  (A),  liy  evaporation  spontaneously  to  vapour  (B) 
it  cools,  and,  if  prevented  from  absorbing  heat  from  its  surroundings,  it  may 
become  so  cold  that  evaporation  practically  ceases.  If  heat  be  supplied,  more 
▼apour  (B)  will  be  forme<i,  and  the  liquid  phase  (A)  will  diminish. 

3.  The  third  case  is  that  of  a  reaction  in  which  7io  thermal  change  occurs. 
Here  a  rise  of  teinpciafure  will  have  no  effect  on  the  relf^tive  amounts  of  A  and  B. 

In  a  more  general  torm  the  prmciplo  was  given  hy  Le  Cimtciier  nx  1854  («ee  ItiHS,  p.  210). 
In  this  form*  it  can  be  sees  how  it  is  comprehsDded  in  the  second  Uw  of  energetios  (see  Lswii^ 
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1916,  Vol.  2,  p.  140).  It  may  be  «tJitffl  thus: — When  any  influence  or  factor  rapahlc  nf 
changing  ihe  equilibi-iuuj  of  a  system  js  altered,  the  sytiteiu  tends  to  change  in  such  a  way  aa 
to  op}»»se  and  anonl  the  alteration  in  thia  factor.  If  it  be  temperature,  for  example,  the 
effect  is  to  decrease  the  change  in  terrfperature. 

An  instructive  case  to  consider  in  thi<  connection  is  that  of  the  taking  up  of  a  dye  l»y  a 
sii'.-iatict-  which  is  Htained  by  it,  say  paper,  or  tissue  in  the  proces*  of  hietolo^cal  staining. 
Ah  will  be  seen  in  •ubseouent  pages,  this  process  is  representative  of  -many  of  those  occurring 
in  living  celts.  I  foand  (190b,  p.  187)  tmt  the  amount  of  dye  which  a  piece  of  paper  of  a 
certain  '-i/.e  will  tak»-  up  from  a  given  solution  of  Cungx  red,  if  alluwud  to  rcniain  in  it  until 
no  forther  amount  is  taken  up,  is  1«m  at  than  at  10".  Now,  whether  this  nroocss  is  one 
of  pure  adsorption  (^surface  condensation)  or  also  partly  chemical,  it  is  no  douot  associated 
wiln  th<?  j)r  'li:  fi(,n  of  htat.  Calling  the  Kysteni,  paper  in  contact  with  dyo  solution,  A, 
and  the  dyed  paper,  B,  van't  lloti's  taw,  the  first  case  above,  tells  us  that  rise  of  temperature 
oaoses  increaae  in  A,  as  experiment  shoii's. 


-T — \ — III'  I       -  I  I  ~r- 
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ViQ.  29.— BmoT  or  vempkratobs  ok  vub  bats  ov  ADSOBmoN  of 

COKOO^BBD  BT  PAPBE. 

AbMlwfr— tisasia  salaatcs. 

Ofdlnstas— totsl  SBMoat  wisdsorbsd  St  ths  iiSQs— 

a,  at  50'. 

b.  at  10*. 

At  tits  UglMr  tempeimtiirc,  the  rate  of  sdaorpUoa  i»  tastsr,  sllbotigh  the  total  amount  a<lsor1>«<l  when 
cqeiVGHsniiiresdisdlslsek  _ 

(Bayiiss,  1911, 1,  p.  187.) 

Aithoui,'h,  however,  at  tlif  higher  tempeiaturf  there  is  fess  product  ft»rme<i.  yet 
the  r(U€  at  which  this  is  formed  is  yreaUr.  The  curves  of  Fig.  29  serve  to  show 
thiB  fact.  lb  will  ba  seen  that,  at  the  higher  temperatare,  equilibrium  waa 
Attained  in  aboat  100  minutes  (curve  a),  whereas  at  the  lower  temperature 
(curve  6),  it  was  not  quite  complete  at  the  end  of  the  experiment  (twenty-four 
hours).  The  amount  taken  up  at  the  lower  temperature  was  rather  more  than 
one  half  of  that  originally  pre<ient  in  the  solution ;  at  the  higher  temperature, 
only  one  quarter.  This  experiment  will  be  found  (Cliapter  XXL)  to  have  some 
bearing  on  the  way  in  which  oxygen  is  carried  by  hR  ino<;lobin. 

The  great  influence  that  temperature  has  on  bt)th  rate  and  equilibrium  in 
chemical  and  physical  processes  necessitates  care  in  the  maintenance  of  a  constant 
known  temperature  in  investigating  them.  The  means  ot  doing  this  will  be  found 
in  the  textbooks  dealing  with  practical  physical  chemistry,  such  as  those  of 
Rndlay,  Ostwald-Lutfaer  or  Spencer. 
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SUMMARY 

The  essential  characteristic  of  life  is  incessant  change.  To  produce  change, 
work  nnist  he  done.    The  power  of  doing  work  is  due  to  the  posseation  of  energy. 

Of  the  two  ^vei\\.  liiws  dealing  with  energy,  the  first  tells  us  that,  while  any 
one  kind  of  energy  may  be  transformed  into  any  other  kind,  there  is  never  any 
gain  or  loss. 

The  second  law  deals  with  the  conditions  under  which  these  ciiangeji  take 
place  and  the  proportion  of  one  kind  that  can  be  transformed  into  another. 

Although  the  total  energy  cannot  be  altered,  the  amount  of  it  available  for 
conversion  into  other  forms  and  capable  of  doing  work,  the  free  energy,  is 
not  constant,  and  indeed,  in  the  present  state  of  the  nniversc,  so  far  as  we  are 
able  to  investigaite  it»  free  energy  always  tends  to  diminish.   This  fact,  a  matter 

of  inv/iriable  experience,  is  known  as  the  "Principle  of  Camot  an<l  Clausius,"  And 
is  of  greiit  importance  in  the  interpretation     many  physiological  problems. 

Tlierc  are  two  fact^>rs  which,  uiultipliod  together,  give  energy.  One  of  those, 
of  the  nature  of  a  "strength,"  is  callevi  the  "intensity"  factor  ;  the  other,  of  tho 
nature  uf  a  space  or  mas-n,  is  called  the  capacity  "  factor.  As  regards  the  latter 
isotor,  energy  can  be  added  algebraically,  but  not  as  regards  the  former. 

In  the  animal  body,  energy  is  derived  from  chemical  combination.  This  form 
(rf  energy  is  readily  converted  into  various  other  forms,  without  the  necessity  of 
passing  through  the  form  of  heat. 

In  the  vegetable  organism,  energy  is  derived  ultimately  from  tiie  sun's  rays. 
It  follows,  therefore,  that  animal  energy  has  the  same  origin. 

The  maximal  work  of  a  chemical  pn>cess  can  be  calculated  by  means  ot  a 
lonnula  due  to  Nemstj  it  depends  on  the  position  of  equilibrium  in  the 
reaction  considered  as  reversible,  and  is  greater  the  nearer  uiis  position  is  to 
that  of  complete  change  in  one  direction. 

That  manifestation  of  molecular  forces  known  as  surface  energy  plays  an 
important  part  in  cell  phenomena,  owing  to  the  largo  variations  of  which  it  is 
capable  in  a  .small  space.  Tliis  is  due  to  the  changes  in  its  capacity  factor, 
surface  area,  chietly  by  aggregation  of  colloidal  particles. 

The  phenomena  peculiarly  characteristic  of  vital  chanijes  are  tho.se  associated 
with  the  actual  process  of  transfer  or  transformation  of  energy.  Many  non- 
vital  phenomena  show  also  a  special  degree  of  activity  in  such  states. 

The  total  ener^'  obtaintil  from  a  food-stuff  by  complete  oxidation,  the 
•*heat  of  combustion,"  does  not  of  nec^ity  imply  that  stufis  of  the  same 
heat  of  combustion  are  of  equal  value  as  sources  of  available  enei^.  The 
distinction  between  frc^  and  Vjound  energy  must  he  taken  into  consideration. 
The  "struggle  for  existence'*  is  for  the  possession  of  free  energy. 

The  f^vmula  for  the  work  done  in  compressing  a  gas  from  a  volume  «|  to 
or  from  pressure      to  viz.~ 

RT  log,  ^  or  RT  loij,  \ 

is  also  appHcable  to  that  done  in  concent  rat  in  2:  a  solution  from  one  osmotic 
pressure  to  another,  to  the  potential  of  metallic  electrodes,  and  to  the  case  of 
certain  solutes  confined  by  a  membrane  permeable  to  one  ion  only,  to  mention 
cases  of  physiological  interest. 

The  properties  of  the  carbon  atom  make  it  of  especial  value  in  the  trans- 
formation of  chemical  energy,  so  that  the  bo.iy  of  doctrine  known  as  organic 
shemistry  is  of  fundamental  importance  in  physiology. 

The  effect  of  a  rise  of  temperature  on  the  rat«  of  chemical  reaction  must  be 
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carefully  distinguished  from  tliat  ou  the  position  of  ec^uilibrium.  The  former 
is  always  incfeased,  while  the  latter  w  controlled  by  van't  HoflTs  "Principle  ol 
Mobile  BSqoilibriain."   Whether  it  is  changed  in  the  direction  of  further  progress 

of  a  reaction,  or  the  reverse,  depends  on  whether  the  reaction  is  {iccompaiiied  by 
evolution  of  heat  or  the  coiilniry.  In  tlio  former  case,  a  rise  of  tt'UiperatLire 
throws  the  reaction  back,  wliile  the  opposite  is  the  case  in  the  latter.  Jf  the 
veaetion  is  thenno-neatnj,  no  change  is  produced  by  alteration  of  temperature. 

The  teinperatiire  coefficient  of  complex  processes  in  heterogeneous  systemS) 
such  as  tlio^e  of  living  cells,  cannot  be  used  to  indicate  whether  such  a 
process  is  chemical  or  physical  in  nature.  ^ 
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CHAPTER  III 


SURFACE  ACTION 


It  has  bi;en  shuwu  in  Chapter  I.  how  living  cells  are  made  up  of  a  highly  complex 
system  of  constituents,  not  mixing  together — liquids,  solids,  and  sometimes  gases. 
Some  of  the  solid  substAnces,  the  "hydrophile''  colloids,  contain  water  in  such 
proportion  that  many  of  their  properties  apprcvxiniate  ti)  tlioso  of  liquids. 

Investi£iation  has  made  it  plain  that  wlieif  these  ditfereiit  "phases,"  as  we 
have  been  taught  to  cull  them  by  Wiilard  Gibbs,  come  ^nto  contact  with  each 
other  at  their  interfaces^  the  propertiM  are  not  the  same  as  in  the  main  mass. 

SURFACE  TENSION 

One  of  the  most  obvious  phenomena  of  this  kind  is  that  shown  by  the  surface 
of  contact  of  liquids  with  gase<;,  soUds,  <Mr  Other  liquids  immiscible  with  them. 
This  surface  behaves  as  if  stretched. 


FllJ.  30.     RlN3  OF  IRON  WIRE,  E>'CL,OSINU  A  SOAP  FILM, 
lo  A  vh»re  is  a  loov  of  flne  silk  floitinR  in  the  fllm. 

Id  B  lUv  iHirtii^ti  of  :lie  aim  inside  the  l<>'i|>  ha«  be?n  brokt-ii  by  toil'  liiii^r  it  with  a  jwintcd  bit 
of  filter  |m|>er.  The  rt-ciult  U  Chat  the  leiuion  ot  the  film  between  the  hog  and  the  loop 
caims  thi9  aim  to  contrMt  M  nmoh  M  pomible,  thus  <lnwfiig  the  loop  into  a«jrdS(tM 
fll^r«  ot  niaxiniJin 

(Van  der  Menafanigghe.) 


One  of  the  simplest  ways  to  demonstrate  this  is  due  to  van  der  MenabruK^he  (1866^ 
p.  812).  A  loop  of  fin«  silk  ia  taken  and  tied  to  a  wire  ring.  If  the  whole  be  dipped  into 
sftnp  ?f)hition,  so  as  to  pr'Kluce  a  film,  the  lfK>j»  Mnats  in  tli«'  mm  ;  the  silk  thread  forming  its 
bi>iuidHry  is  quite  Iim.s.-,  and  can  be  readily  movtHi  into  any  sliapo  by  means  of  a  fine  needle 
wetted  with  the  -oap  solution  (see  Fig.  30).  The  film  inside  the  loop  is  now  broken  hy 
touching  it  with  a  l)it  of  filter  paper  ent  to  a  fine  point.  Tli'>  I'Mip  is  immediately  drawn  to 
a  circular  form  hy  the  tension  of  the  film  surrounding  it,  and  can  be  felt  to  resist  attempts 
to  change  its  shape  by  the  needle.  The  soap  solution  should  be  prepsAHod  by  the  method  of  * 
Boys  (1912t     170)  from  pure  aodium  oleate,  with  the  addition  of  about  26  per  cent,  of  slyceroL 

The  best  way  of  showing  that  the  form  taken  by  a  liouid  when  free  is  that  with  the  le«st 
surface,  namely  the  sphere,  is  by  the  use  of  ortho-toluiaine,  as  described  by  Darling  (1911). 
This  ht^uid  has  the  same  density  as  water  at  22^,  but,  since  it  has  a  higher  coefficient  of 
snsnaioQ,  it  is  less  dense  above  2if  and  more  dense  below  that  temperature.  U  a  beaker  half 
foil  of  water  at  22*  is  taken,  and  a  solntion  of  sodium  chloride  of  aWt  0*3  per  osntb  ia  nm  m 
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at  the  bottom,  so  as  to  form  a  lower  •ttmtnm  ot  Hlightly  higher  epecilic  uravitv,  ortho-toluidine 
can  be  mn  in  at  the  jnnotion  of  tho  two  liqnidB  by  meuis  of  •  tep^uimel. 


6  to  8  centimetres  in  diameter  can  be  made. 


and  apbera  of 


It  is  interesting  to  note  that  the  phenomena  shown  bv  such  euspcoded  spheres  of  liquid 
were  ohittfiy  inveeti^ted  by  PlatCM,  the  phyndat  of  Obent^  aftar  ha  baoama  blind  owing 
togiiing  at  the  midday  sun  for  experiments  on  vision.  His  reeearohee  were  published  in 
187a  In  his  work  he  waa  assisted  by  his  son-in-law,  van  der  Mensbrugghe,  whoae  name 
we  have  alroadj  mat  with. 

A  method  of  measurement  ol  suifsoe  tension  is  by  the  use  of  Searle's  apparatus, 
ooade  by  Pye,  of  Cambridge  (Fig.  31).  The  poll  <s  the  tension  of  a  liquid  film 
is  made  to  twist  a  wire  of  phosplior-bronze  by  a  known  amount,  which  is 
oompareii  with  that  effected  by  a  known  weight.  A  rectangular  glass  microscope 
sKde  Is  clipped  to  one  end  of  the  lever,  which  also  carries  a  scale  pan.  The 
counterpoise  is  then  adjusted  so  that  the  lever  is  horizontal  when  the  lower  edge 
of  the  slide  is  just  immersed  in  the  liquid.  The  reading  on  the  scale  is  noted 
and  the  liquid  removed.  The  lever  will  rise  oonsidenSdy.  Alter  drying  the 
elass  slide,  the  lever  is 
brought  down  to  its  pre- 
vious position  on  the  scale 
hy  adding  weights  to  the 
scale  pan  ;  in  other  words, 
a  force  is  applied  to  twist 
Um  wire  to  the  same  ex- 
tent  as  the  sniiaoe  tension 
of  the  liquid  did.  If  A 
is  tlie  length  of  the  slide 
in  centimetres  and  T  its 
thickness,  the  total  length 
of  the  film  is  2/A  +  T), 
sinoe  both  sides  of  the  slide 
are  active.  Then  M  being 
the  mass  in  grammes  arlded 
to  tile  scale  pan,  its  weight 
is  981M  in  dynes,  and  the 
surface  tension  in  dynes 
per  centimetre  is 

981  xM 
2(A+T)- 

If  it  \yc  wished  to  obtain  a  measurement  of  the  absolute  surface  tension  at  a  water-air  int«f 
face,  it  is  best  to  use  tap  water,  eiuee  this  is  less  likely  than  distilled  water  is  to  contain  greasv 
njatter,  whioh  has  a  powerful  effect  in  lowering  surtace  tension,  as  we  shall  see  later,  u  ith 
.Searles  apparatus  I  have  found  no  difficulty  in  a  lecture  experiment  in  obtMoing  readings  of 
71^  dvnes,  or  98  per  cent,  of  the  correct  value,  73.    The  wwght  io  M»  actlial 

•xperiment  to  produce  the  same  tonioo  of  the  wire  aa  the  poll  of  tha  water  aid  was  I'll  grams, 
a  sufficiently  obvious  weight. 

Tlie  effect  of  surface  tension  in  rogulating  the  size  of  drops  falling  from  an 
orifice  is  also  ufiod  a-s  a  method  of  measuring  the  surface  tension  of  liquids.  It 
is  sometimes  called  the  sUUagmomeler "  method,  and  is  dne  to  Quincke.  The 
siae  of  a  drop  will  increase  until  its  weight  halanoes  the  tension  of  its  surface 
film,  which  is  Iw-lding  it  up  against  gravity.  As  SOOn  as  this  size  is  excelled 
the  drop  will  full.  In  practice,  the  number  of  drops  in  a  known  v(,luine  c.f  the 
liquid  is  counted,  and  tliis  number  is,  obviously,  inversely  propoi tioiial  to  the 
size  of  the  drops,  and  this  again  is  proportional  to  the  sarfsoe  tension — the  larger 
the  drop  the  gi«ater  tha  iDi&oe  tension.  Account  must  be  taken  of  the  weight 
of  the  drop,  that  is,  tiie  specific  gravity  of  the  liquid  must  be  known.  On  the 
assGmption  that  the  tipper  boundary  of  the  liquid  is  a  plane  surface  (but  see 
Spencer,  1911,  1,  p.  147)  -.-^ 

Number  of  drops  of  water  x  density  of  liquid  ^  ^ ^  dynes  per  cm. 
Number  of  drops  of  li^piid 
Another  method  is  founded  on  the  rise  or  fall  of  the  level  of  a  liquid  in  a 


Fig.  si. 


SBABLI^S  TOBSIOlf  BALAirCB  VOK  M BASUSmO 
SDBFACB  miStON  OF  UQU  IDS. 

(As  mada  by  Pye  *  Co.,  Oamlitidge.) 
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capillary  tube,  aooording  to  whether  it  ireta  the  glass  or  not.   This  chaage  of 

level  is  due  to  the  curved  shape  of  the  memscas  or  vaxiBCfi  separating  liquid 
from  air,  so  that  the  surface  tension  has  a  vertical  component  which  pulls  up 
the  liquid  against  gravity,  or  pres^ies  it  down,  according  to  wliether  the  meniscus 
is  concave  or  convex.  The  best  form  of  apparatus  for  this  method  is  that  of 
Rtetgen  and  Sdmeider  (1886,  p.  203),  especially  in  the  modiflcatioa  described 
by  Bchryrer  (1910,  p.  109). 

A  means  of  rendering  this  meuurement  more  ac  ^:  \t'  wa^  pointed  out  to  mo  W  A. 
Osborne.  Two  capillaries  of  different  but  knowa  diameters  aro  taken,  and  the  (iidereacti  of 
heights  to  whioh  tne  t%ro  liquids  to  be  comparod  rise  in  the  two  capillaries  is  mea8ure<i.  By 
this  device  the  measurement  of  thi?^  height  of  the  meniscus  from  the  body  of  tho  liquid  is 
unnecessary,  a  somewhat  difficult  and  onoertain  one.  Since  the  total  height  in  each  case  is 
inversely  proportional  to  the  diameter  of  the  capillary,  and  directly  proportioiial  to  the 
surface  tension,  the  difference  of  the  heights  of  the  two'liquids  is  also  so  proportional.  We 
know  the  diameters  of  the  two  capillaries  and  the  surface  tension  of  one  hquid,  so  that  it  is 
QfLti  \  >  alculato  tint  of  the  other.  Hub  method  is  alio  reoommended  by  Miohaelia  and  Rooik 
(1909,  p.  496). 

The  formula  for  rise  lu  capiiiary  tulje  is  :  — 

Height  X  radius  of  tube  x  denaity  x  ^81 


The  precise  cause  of  the 
existence  of  surface  tension 
is  too  complex  for  discuBSton 
here.  Briefly,  one  may  say 
that  it  is  due  to  the  forces 
of  attraction  between  the 
molecules  of  a  Uquid,  pro- 
ducing what  is  known  as  the 
"internal  pres.su re"  of  Lap- 
hice  (1845,  iv.  p.  389).  Thia 
pressure  can  be  calculated, 
and  amounts  to  several 
tliuusiind  atmospheres  (Stefan, 
Wied.  Ann.,  29,  p.  G55).  Tlie 
molecules  in  the  body  of  the 
liquid  aio  exposed  to  these 
forces  equally  on  all  sides. 
Those  at  the  surface  are  ex- 
poso  !  to  unbalanced  forces 
tending  to  draw  them  in  (see 
Fig.  32),  The  result  of  tliis 
is  that  the  surface  of  a  liquid 
is  always  the  least  possible,  or,  in  other  words,  is  pulling  itself  together.  One  may 
see  the  necessity  of  a  minimum  surface  also  frotn  tlie  point  of  view  of  energetics. 
Since  there  are  forces  drawing  the  molecules  inwards,  work  is  required  to  bring  them 
to  the  surface,  therefore  the  greater  the  surface,  the  greater  the  energy  contained 
in  it;  but,  as  we  have  seen,  free  energy  always  tends  to  a  minimum.  For 
further  details  see  Fieundlich  (1909,  pp.  6-14).  The  explanation  of  the  properties 
of  the  free  surface,  by  leijardini,'  it  as  the  seat  of  tension,  is  due  (<»  Thomas  Young 
(1805,  p.  82),  who  speaks  of  unbalanced  molecular  cohesive  forces  at  the  surface 
as  the  cause  of  the  tension. 

The  values  of  the  surlaoe  tension  of  pure  liquids  vary  greatly.  The  following 
numbers  in  dynes  per  centimetre  will  serve  to  iUustrate  this : — 

Water  -  ...  78 
Alcohol  •  •  -  -  22 
Ether    ....  16 

Sinee  the  surface  tension  is  not  altered  by  enlarging  the  8urfa<  e,  as  in 
blowing  a  soap-bubble,  it  follows  that  the  pressure  inside  a  small  bubble  ia 


Vn.  82.  DtAoauf  to  illustrats  tkb  oaionr  or  sm* 
racB  miBioit  raoK  nrntBsraL  pbissijbb  of  liquids. 

Ifae  moleoule  A  is  exposed  to  equal  attractive  forces  on  all  sides. 
The  moleoule  B,  at  the  surface  of  the  liquid,  on  the  other  hand, 
is  exposed  to  unhalanoed  forces,  of  which  the  resultant  is  a 
pressure  in  the  direction  of  N.  Eqoilihrium  wlU  result  when  the 
number  of  molecules  at  the  mttbux  is  the  iMSt  pQMiMe ;  that 
is,  the  aurfacw  area  tends  to  R  minimum. 


(EmiB,  1907,  p.  16.) 
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greater  than  that  inside  a  large  bubble,  rofitrarv  to  what  happens  when  an 
india  rubber  ball  is  blown  out.  The  state  oi  allairs  in  a  soap-bubble  is  due  to 
the  greater  ciilT»tiue  of  the  small  bnbblei  so  that  the  oompoaent  producing 
internal  pcewure  is  greater  in  the  smaller  one.  Tig.  33  shows  tbiB  in  a  diagram. 
The  two  curved  lines  are  of  the  same  length.  The  vertical  component,  that  is,  the 
line  drawn  vertically  perpendicular  to  the  chord  of  the  arc,  is  obviously  greater 
in  the  arc  with  the  greater  curvature. 

Hie  fact  just  moitioiied  indicates  the  possilnlity  of  great  pressure  being 
prodnoed  in  veiy  minnte  spheres  of  liquids,  snch  as  wo  find  in  certain  coUoida) 
soliitiona. 

SURFACE  ENERGY 

If  the  surface  of  a  liquid  is  in  a  state  of  tension,  it  is  clear  that  woik  may 
be  drill-'  bv  it,  when  the  surface  is  able  to  duninish.  Surface  tension,  in  fact, 
is  th>'  intensity  factor  of  a  kind  oi  energy  whose  capacity  factor  is  the  ai-ea 
of  surface,  thus : — 

Surface  energy  «  surface  tension  x  surface  area. 


1*10.  33.    DXAOBAIf  TO  ILLrSTBATB  THK  BFESCT  OF  CVaVATOaS  OV  THB  SUBFACE  OK  THB 

raassuBB  nsira  a  soap  otbsub,  a  raop  or  lxqoxo,  oa  a  soup  pa&ticle* 

Tbm  luctti  ol  tlM  wtCt  and  Owraiore  tlM  toMl  ■aMmnt  of  surface  tenaioB,  Is  tbe  Mine  to  lioth  Sgorw. 

iDlMrud  oooqNHMnt  of  fh*  nuffen  ttnrioB  oiaj  b*  rou^fhly  repr— ntaa  bjr  th«  tengtil  «l  tb*  verticil  Un* 


What  is  the  source  of  this  energy  1  There  can  be  little  doubt  that  it  is 
ultimately  chemical.  The  fact  that  it  diArs  according  to  the  chemical  constitu- 
tion of  the  liquid  is  sufficient  to  show  this.  Hardy  (1912,  p.  621)  has  recently 
made  «omc  important  experiments  on  t]ii<5  question.  V.uions  liquids,  insoluble 
in  water,  spreatl  out  in  a  thin  fihu  sviieu  dropped  on  itsi  surface,  owing  to  the 
fact  that  they  lower  the  surface  tentiiuu.  Substances  of  great  chemical  stability, 
such  as  the  heavy  liquid  hydrocarbons,  refuse  to  spread  at  all,  and  only  very 
slightly  lower  the  surface  tension.  BMers,  glycerides,  for  example,  produce 
great  full  of  surface  ten'^ion  and  spread  widelv.  The  suggestion  is  made  that 
this  ellect  is  due  to  decomposition  at  the  interface,  causing  contact  ditierence 
of  potential  between  film  and  water. 

SUBFACE  TENSION  AT  VARIOUS  INTERFACES 

Hitherto  we  have  confined  our  attention  to  the  interface  between  various 
pure  liquids  and  air.  When  two  immi'scihle  liquids  are  in  contact,  there  is 
also  a  state  of  tension  at  the  interface,  but  less  than  that  when  either  is  in 
oontaot  witii        It  can  be  measured  by  the  drop  method,  the  stalagmometer 
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being  filled  with  tlie  beatrier  liquid,  and  baring  its  orifice  immeraed  in  tlio 
ligbtw  one.  Of  course,  proper  correefcion  must  be  made  for  the  elfoetive 
weight  of  the  drops  in  the  liquid,  compared  with  that  in  air.  * 

Since  the  snrfnce  energy  at  the  contact  of  two  liciuids  is  less  than  the  sum  of  that  between 
each  of  theiu  and  air,  it  wUovva  that  when  two  iii^uids,  pi-eviouftly  in  contact  with  air,  aro 
brought  into  contact  with  each  other,  work  ia  obtainfld.  An  important  fact  found  by  Hardy 
(1913)  is  that  this  work  is  greatest  in  the  case  of  the  most  chemically  active  fluids,  sach  M 
esters,  alcohols,  and  acids ;  smallest  in  the  case  of  the  saturated  hydrocarbons.  The  merast 
trat  u  <'f  oleic  acid,  added  to  mi  ioMtiTa  bydnxwrboD,  rednoM  st«  tnrfM*  energy  to  an 
enormous  extent. 

Interfaces  betwfpTi  liquids  and  brtween  these  and  solids  are  met  with  in 
physiology  more  frequently  than  tlio^p  between  j,'nses  and  liquids. 

Ah  regards  the  surface  tension  ai  the  interface  between  nolid  and  liquidt  we 
have»  unfortunately,  no  direct  method  of  determination,  but  Ostwald  (1900»  iL 
p.  503)  indicated  an  indirect  one,  depending  on  the  greater  solubility  of  smaiU 
particles  tlmn  of  large  ones.  This  fact  is  flue  to  the  aetion  of  molecular  forces 
at  the  int^irface,  causing  the  liquid  component  to  have  greater  solvent  p<jwer. 
The  larger  the  total  area  of  surface  on  the  particles,  the  greater  will  their 
solubility  appear  to  be.  This  is  the  reason  why  large  crystals  grow  at  the 
expense  of  small  ones,  since  the  solution  which  is  saturated  as  regards  the 
large  particles  or  crv?,tah  is  not  saturated  with  respect  to  the  smaller  ones 
(see  also  the  book  by  Freundlich,  1909,  pp.  143-145). 

W.  J.  Jones  (1913)  has  made  renewed  measurements  by  the  method  referred 
to^  and  finds  that  the  surface  tenrion  of  barium  sulphate,  in  cont-act  with  it« 
saturated  solution,  is  1,300  dynes  per  centimetre.  It  will  be  noted  that  this  is  a 
very  high  value  compared  with  that  between  liquid  and  liquid,  or  liquid  and 
gaB.  At  the  water -air  interface,  for  example,  the  surface  tension  is  only 
75  dynes.  Hie  iBCt  is  ol  importance  in  connection  with  the  large  degree  of 
adsoiption  manifested  by  the  surfaces  of  solids,  such  as  cbarooal^aa  will  be 
seen  later. 

As  a  rule,  substances  in  solution  in  liquids  lower  the  surface  t<»nsion  at  the 
interface  between  these  liquidii  and  air.  Inorganic  salts  (such  as  sodium 
chloride)  raise  it,  but  not  to  any  great  extent.  There  are  great  diflbrences 
between  the  actions  of  different  sabstaiioes  in  their  action  on  snr&cc  tension 
!^"T)ie,  bile  salts,  for  example,  have  a  very  great  effect.  The  same  statement 
Hpplie.s  to  the  interface  between  liquid  and  liquid,  except  that  it  appears  that 
all  bodies  in  solution,  even  inorganic  salts,  iower  the  surface  tension. 

W.  C.  M'C.  Lewis  (1909,  I,  p.       finds  that  inormnie  aalts  lower  the  interfaeisl  tension 

betwftii  a  liyrlrocarhon  oil  mid  water.  He  also  calls  attention  flOlO,  1,  p.  632)  to  the 
circumstance  that  it  we  take  into  acc-ount  the  cnrvature  ot  the  surface,  and  the  deimtiMof 
the  two  phases,  we  obtain  a  (iuantity,  wliich  aui^  bu  called  the  "specific  capillary  oonstant," 
and  that  this  ooostsnt  is  always  lowered  by  dissolved  aabstanoes,  evso  wbea  air  is  one  of 

the  phases. 

.\  point  to  bf^  remembered  is  that  small  amounts  of  dissolved  substances 
proiluce,  for  equal  amounts,  a  greater  lowering  of  surface  tension  jbhau  larger 
amounts.  The  curve  expressing  the  relationship  is  one  of  the  family  of 
parabolas  (Ereundlich,  1909,  p.  65).  The  importance  of  this  will  be  seen  when 
we  are  discussini^  adsoi-ption. 

When  living  protoplasm  is  in  contact  with  any  si:>lutioii,  tlien'  must  be  surface 
tension  at  the  interface.  Some  experimeuti»  by  Kisch  (li^l2,  p.  io2)  are  of  interest 
here.  Yeast  and  other  fungi  were  found  to  be  permanently  injured  as  aomi  as  the 
surface  tension  <rf  the  solution  in  which  they  were  immoraed  became,  by  the 
addition  of  van'ouH  subxtances,  less  than  half  of  that  between  water  and  air.  The 
actual  concentrations  n  cjuired  were: — 

Ethyl  alcohol     -  -  -  -    28  per  cent. 

Isoamyl  alcohol  -         •         -  -     2  „ 

Acetone  -  -  30  „ 

The  cells  of  higher  plants  were  found  by  Gsapek  (*'X7eber  eine  Hethode  tnr 
direkten  B<»tinunung  d^  Oberfliichenspannung  der  Flasmahaut  von  Pflansenr 
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•eUaii*"  Jena,  1911)  to  be  more  sensitive,  being  injured  when  the  surface  tension 

was  rcxlttoe'l  only  to  0*68  of  that  l>etwepn  water  and  air.  These  results  are 
difficult  ut  interpretation,  especially  in  view  o£  the  complex  aeries  of  phenomena  to 
be  dea(»ibed  presently  under  the  head  of  adsorption. 

ELECTRIC  CHARGE 

In  addition  to  the  surfiice  tension  produced  by  unbalanced  molecular  fun  en, 

there  arc  various  other  ways  in  whicli  the  properties  of  substances  at  their 
boundaries  with  other  phases  ditiler  from  those  in  t!ie  main  b'xly  t»f  the  substances. 
We  have  fiibt  to  consider  the  electric  charge.  In  any  charged  body,  as  we  know 
from  Faf^day's  reaearohea,  the  charge  is  accumulated  at  the  surface. 

It  is  somewhat  remarkable  to  find  that  the  boundary  surface  between  liquid 
and  Holid,  or  between  immiscible  liquids,  is  nearly  always  the  seat  of  electrical 
forces.  It  has  also  l>een  shown  by  Hardy  and  Harvey  (llUl,  p.  220)  that  the 
interface  between  water  and  air  is  similarly  the  beat  of  an  electric  charge.  The 
origin  of  this  charge  is  not,  in  ail  cases,  clear.  Electrolytic  dissociation  at  the 
surface  will  account  for  the  existoiee  and  the  sign  of  the  charge  in  perhaps  the 
majority  of  cases.  In  other  case<i.  however,  ionisation  of  this  kind  seems  to  be  out 
of  the  question.  Drops  of  petroleum  in  water  have  a  negative  charge,  investigated 
by  W,  M'C.  Lewis  (1909,  ii.  p.  211),  and  those  of  aniline  have  also  a  negative 
charige  (Ridsdale  Ellis,  1912,  p.  346).  If  the  duurge  in  this  latter  case  were  due 
to  ionisation,  it  should  be  positive.  Aniline,  as  a  base,  dissociates  to  a  certain 
extent  into  OH'  ions,  which  pass  into  the  water,  leaving  the  aniline  ion  with  a 
pcMitive  charge.  The  same  process  must  be  supposed  to  occur  at  the  surface  of  a 
drop  suspended  in  water:  the  mobile  OH'  ions  will  ^vel  off,  leaving  the  heavy 
insoluble  anions  aggregated  on  the  surface  of  the  drops,  which  then  behave  as 
huge  electro-positive  ions.  This  explanation  is  quite  .satisfactory  for  particles  such 
as  th««sf»  <if  alumiuiuni  hydroxide,  which  have  a  p^tsitive  charge,  but  it  does  not 
hold  lor  anihne.  W.  M'C.  Lewis  (1910,  ii.  p.  64)  suggests  an  electronic  origin  for 
such  cases,  on  the  ground  of  the  similar  values  (0*04  volt)  found  for  very  difierent 
chemical  substances,  suspensions,  emulsions,  and  filter  plugs.  Burton  (1906)  has 
also  shown  tbnt  the  same  value  is  obtained  for  suspensions  in  iiictliyl  or  ethyl 
alcohol  or  ethyi  nmlonate.  The  question  cannot  as  vet  be  regarded  as  completely 
solved.  The  work  of  Rudge  (1914)  on  the  electrification  of  dust  is  of  interest  in 
this  connection. 

The  Helmholtz  '*doiiMe>layer"  demands  a  word  at  this  point,  although  an 
adequate  treatment  is  impossible.  Those  interested  should  consult  the  paper  in  his 
Gesammelte  Abhandl.,"  i.  p.  925 ;  an  account  of  the  theory  will  be  found  in 
Freundiich's  chapter  v.,  **Die  kapillarelektrischen  Erscheinungen "  (1909,  pp. 
184>262).  It  is  unnecessary  to  remind  the  reader  that  an  electric  charge  of 
a  particular  sign  cannot  exist  without  the  simultaneous  presence  in  its  proximity 
of  an  equal  and  opposite  one.  The  charge  on  the  surface  of  a  solid  in  a  liquid, 
therefore,  implies  the  existence  of  an  equal  and  opposite  one  on  the  liquid  side 
of  the  interfiftce.  ^is  ^t  adds  complexity  to  the  interpretation  of  the 
phenomena  now  under  consideration,  but  cannot  be  left  out  of  account. 

Tn  later  pa;^es  we  shall  see  how  the  c'narge  on  a  surface  ca!i  be  increased, 
diminished,  annulled  or  reversed  in  sign  by  the  presence  of  iona  in  the  liquid 
which  is  in  contact  with  it. 

The  effect  of  an  electric  charge  on  the  mechanical  surface  tension  is  to 
reduce  it.  The  elements  of  the  surface,  when  they  have  charges  of  the  same  sign, 
mutually  repel  one  another,  so  that  tlie  area  of  the  surface  tends  to  increase^ 
in  oppt>sition  to  the  efl'ect  of  the  surface  tension  to  decrease  it.  The  bearing 
of  this  fact  on  the  stability  of  emulsions  will  bo  seen  in  the  following  chapter. 

INFLUENCE  ON  SOLUBILITY  AND  ON  CHEMICAL  REACTION 

The  solubility  of  certain  bodies  is  found  to  be  different  in  the  surface  layer 
from  what  it  is  in  the  body  of  the  liquid.  For  example,  it  was  found  by 
J.  J.  Thomson  (1868,  p.  254)  Uiat  potassium  sulphate  is  60  per  cent,  more  soluble 
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in  the  surface  film.  Tn  the  same  work  it  is  Khown  dvnamifnllv  that  surfac** 
t«nsiot.  will  have  a  large  efi'ect  in  changing  the  degree  of  chemical  combinatiuD 
(pp.  234.237). 

Christoff  (1912,  p.  456)  finds  that  the  leas  is  the  surface  tension  of  a  liquid, 

the  greater  is  the  solubility  of  gases  in  the  liquid.  The  values  of  the  absorption 
coefticients  (volume  of  gas  dissolved  by  unit  volume  of  liquid)  at  0°  of  gases 
of  interest  to  the  physiologist  are  as  follows  : — 


Watsr. 

AlooboL 

Ether. 

Hydrogen     -      .      .  - 
Carbon  monoxide  ♦ 
Garbott  dioadde  - 

0  02148 
0  02348 

0-  08537 
004800 

1-  718 

0  06925 
0  12634 
0^20443 
0-28307 
4-3895 

oiris 

0  2580 
0-3618 
0-42S5 
7-830 

The  values  for  water  are  those  ci  Winkler;  for  alcohol,  those  of  Bansen;  and 

for  ether^  thuse  of  Christoff. 

The  results  obtained  by  Vernon  (liXlT)  are  of  interest  here.  Ue  shuwud  that  oxyeen 
is  4*5  times  more  soluble  in  oil  and  fat  than  in  water,  while  nitrogen  is  5*3  times  nuire  solame. 
In  a  rough  experiment  which  I  made,  it  was  found  that  carbon  dioxide  was  rather  more 
soluble  in  thick  parutliu  oil  than  in  water.  These  various  facts  serve  to  show  the  futility  of 
attempting  to  preserve  solutions  from  the  action  of  gases  in  the  atmosphere  by  covering  them 
with  oil  or  hjarooarbons.  Thej  are  also  of  iroportanoe  in  the  results  of  exposure  of  animals 
to  com  pressed  air. 

When  gases  ai^  taken  up  by  charcoal,  it  is  clear  that  a  large  amount  of 
compression  must  occur  i  some  observers  bold  thati  in  tbe  case  of  certain  gaaei^ 

there  must  be  actual  lique&ction.    Heat  must  be  evolved  in  this  process,  a  Iset 

whose  meaning  will  be  apparent  later. 

Some  chemical  reactions  are  accelerated  at  interfaces,  others  retarded.  Thus^ 
Freundlich  (1906,  p.  85)  found  an  acceleration  of  tbe  following  reactions  on  tbe 
surface  of  charcoal:  oxidation  of  fcmnic,  citric  and  manddlic  aods,  and  of 
glycerol,  hydrolysis  of  chlorine,  esterification  of  alcohol  witli  organic  acids, 
decomposition  of  phenyl  thio  urea.  Perman  and  Greaves  (1906,  p.  366)  found 
that  the  rate  of  decompuiatlun  of  ozone  by  heat  depends  on  the  extent  of  surface 
to  which  tbe  gas  is  exposed'  and  tbat  In  all  probability  the  reaction  takes  place 
only  there. 

An  interesting  ca«5e  of  retardation  of  a  reaction  by  surface  forces  is  that  called 
by  its  discoverer,  Liebreich  (188G),  the  dead  space. ^'  This  observer  noticed  that 
if  a  molar  solution  of  sodium  carbonate  be  mixed  with  a  haJf-moiar  solution  of 
chloral  hydrate  in  a  test  tube,  the  turbidity,  wbicb  gradually  forms  by  the 
pro<luction  and  separation  of  chloroform,  is  absent  from  the  surface  layer  of  the 
fluid.  an<l  he  was  able  to  sliow  that  this  clear  space  was  really  due  to  the  reaction 
not  haviu*,'  taken  place  therein.  Thi.s  retardation  can  be  accounted  for,  thermo- 
dynamically,  if  the  reaction  resulted  in  au.  increase  of  surface  energy,  since  all 
processes  which  lead  to  an  incresse  of  free  energy  are  opposed.  It  is  interesting 
to  find,  therefore,  that  it  was  found  by  Dr  Monckman  in  the  Cavendish  Laboratory 
at  Cambridge,  that  the  surface  tension  increased  considerably  as  the  reaction  went 
on  f.T.  J.  Thomson,  1  ><S8,  p.  2.^7).  This  effect  is,  no  doubt,  due  to  the  comparative 
insolubility  of  clilurufoiui  and  the  disappearauoe  of  the  chloral  hydrate,  from 
wbicb  it  is  formed. 

ADSORFiTON 

Any  substance  dissolved  in  water  lowers  the  siurface  tension  at  the  interface 
Ijctween  the  solution  and  a  solid,  or  immiscible  H(juid.  With  the  exception  of 
certain  inurganie  Halts,  this  is  also  the  case  at  the  interface  between  the 
solution  and  a  gas.  Further,  at  these  interfsces  there  is  a  local  accttmnlatioo 
of  free  surface  energy,  which  can  be  altered  in  amount  by  the  deposition  of 
substances  at  tbe  interface.   It  follows,  then,  from  the  second  law  of  enecgeticSi 


Digitized  by  GoQgle, 


SURFACE  ACTION 


55 


that  dissolved  substances  which  lower  surface  tension  will  be  concentrritod  in 
this  situation,  on  account  of  the  fact  that  free  ener^v  will  be  lessened  tin  r*  Itv. 

This  result  is  of  fundamental  importance,  and  was  arrived  at  by  Wxliard 
Gibbs  (1906,  i  p.  66)  from  thermoliyiuumo  oonaideratioiis  in  1878,  and  by 
J.  J.  Thomson  in  1888  (1888,  pp.  191,  192)  from  the  dynamical  point  of  view. 
It  will  l)e  referred  to  in  subsequent  pages  as  the  "Gibb"^"  or  "  Oibbs-Thomson " 
principle.  It  is  really  a  particular  application  of  the  general  doctrine  of 
decrease  of  free  energy,  as  shown  by  the  headlines  chosen  by  Gibbs  himself 
for  his  work  on  **  Hetdragenecms  EquUibrittm,**  vis.,  the  fonnnlatum  by  CUnsius 
of  the  t  wo  laws  of  energetics,  as  given  on  p.  28  of  the  present  volume.  As 
applied  \<->  surface  energy,  the  Gibbs  principle  has  a  wider  application  than 
may  appear  from  the  above  statement  of  it  aa  referring  to  surface  tension.  It 
may  be  ezpressod  thus:  Any  procsess  that  diminishes  the  free  energy  at  an 
interCaoe  will  tend  to  take  place,  whatever  be  the  nature  of  the  energy  con- 
cerned, whether  mechanical,  electrical,  chemical,  or  other.  If  the  surface  has 
an  electric  charge,  a  process  diminishing  it  will  be  favoured.  If  it  po-cpsses 
chemical  energy,  a  reaction  reducing  this  energy  will  take  place,  if  possible; 
and  so  <m. 

Accordingly,  any  substance  in  solution  in  a  liquid,  in  oontaet  with  the 

'Surface  of  another  phase,  will  be  concentrated  on  that  surface,  if,  by  doing  so, 
tlie  free  ener^'y  present  there  is  decreased.  This  {>roce.ss  is  called  adsorption.** 
Itsi  characteristic  is  the  relation  to  Burj'cices  of  contact.  Whatever  further 
process  may  Idlow  it^  diemical  reaction,  or  diffuaion  into  the  body  of  the 
other  phase,  the  first  thing  to  take  place  is  the  local  concentration.  The  rate 
at  which  subsequent  events  happen  will  naturalK  depend,  by  riuisH  ficHon,  on 
the  amount  of  this  condensation.  Given  the  diminution  of  surfuoe  energy,  the 
adsorption  process  is  thermodynauucaUy  bound  to  take  place,  and  any  other 
^xj^anation  of  the  phenomenon  is  superauous. 

As  an  example,  the  well-known  effect  of  uharooal  in  decolorising  or  clarifying  a  solution 
nay  be  given.  If  a  dilate  Bolntion  of ,  a  dye,  such  as  "  night-Wue,"  be  niixwfwith  charcoal, 
it  can  be  almost  completely  decolorised.  That  the  dye  is  not  destroyed,  or  chemically 
combined  with  the  mrbon,  cmi  easily  be  shown  by  filtering  off  the  latter,  and  extracting  it 
with  alcohol,  which  will  be  found  to  become  of  a  deep  blue  colour.  The  prooeM  i«,  io  fact, 
rerenible. 

In  the  case  of  the  ordinary  form  of  surface  energy,  Qibbs  has  given  « 
formnla  by  which  the  amount  of  dissolved   substance  concentrated  at  the 

interface  can  be  calculated.  Thu.s  :  Jjni  F  be  the  excess  of  solute  in  tlie  surface 
layer  above  that  in  the  body  of  the  solution,  C  th^  concentration  of  the  solute, 
U  the  gim  conistant,  T  the  absolute  teinpcratuii ,  and  o-  tlie  surface  tension  at 

the  interface.  Then  ^  !ep!Psents  the  change  of  surface  taoAion  with  change 
of  concentration  of  solate^  which  can  be  measured,  and 

RT  '  rfC* 

The  way  in  which  this  equation  is  obtained  is  beyond  the  scope  of  this  work. 
The  appearance  of  R  and  T  is  due  to  the  assumption  that  dilute  solutions  obey 
the  gas  law,  so  that  the  formula  cannot  be  of  goMnnl  application. 

ThU  {ormula  has  been  tested  experimentally  bv  W.  0.  M<C.  Lewie  and  fay  IXmnan  and 

B/irker,  and  found  to  give  vahies  in  occordance  witli  experiment  in  caae8  wliere  the  conditions 
aru  sitch  that  no  complication  due  to  other  fofms  of  surface*  energy,  especiallv  electrical, 
intervene.  Lewis  (1909,  i.  p.  486)  found  in  the  caeeof  eaifeine  on  the  snnaoe  of  petroleum, 
and  (1910,  iii.  \>.  136)  uf  aniline  on  the  surface  of  mercnry,  satisfactory  agreement  witli  the 
valueti  calculated  from  the  Gibbs  formula.  Dommn  and  Barker  (1911,  p.  r)73)  obtained  similar 
reeolte  in  the  cases  of  nonylio  (pelargonic)  acid,  and  of  saponin  at  the  interfac-u  between  water 
and  air.    Nonylic  acid  has  an  extraordiniirily  high  capacity  of  lowering  surface  tension. 

Condensation  of  .substances  at  the  interfnce  between  their  solutions  and  air 
shows  itself  in  an  interesting  way  in  tiie  experiments  of  Kamsden  (1904). 
Certain  substances,  of  whidi  a  list  will  be  fonnd  in  the  original  paper,  aaoli 
as  white  of  egg,  saponin,  and  quinine,  are  actually  deposited  in  a  suid  fonn, 
to  that  the  surface  film  of  the  solution  becomes  rigid. 
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One  of  the  simplest  ways  to  see  this  fact  is  tu  blow  a  bubble  with  a  solution  of  saponm, 
say  1  per  cent.,  as  a  soap-bubble  would  be  blown.  If  air  be  then  racked  hack  out  of  the 
bubble,  or  it  Im-  allowtMl  to  (•ontnict  .sfMWtnu'ouslv,  collapse  H  even  and  regular  in  the  ease 
of  the  soap-lnibble,  eo  that  it  remains  spherical.  In  the  case  ul  saponin,  on  the  contrary,  the 
film  has  ceased  to  be  elastic,  and  can  only  collapse  by  falling  into  folds.  It  is  sometimes 
poenble  to  see  little  rod«  of  the  solid  in  the  film,   A  similar  pbenomenou  i»  foand  to  Utke 

?»1ace  with  egg  albumin,  «oA  ia  mid  to  be  the  reuon  why  cooks  find  that  a  froth  beaten  vp 
or  nit'riri^'iu'«.  if  allowed  to  atand.  cannot  be  made  Uiiiain  into  a  froth  ;  tlie  albvimin,  in  fact, 
has  ffone  out  of  solution  hy  surface  coagulation.  This  coagulation  in  surface  films  is  also, 
no  aonbt,  the  owum  of  the  fnootivation  of  eoiymea  when  diaken  with  air,  aa  found  by 
Bohmidt-Ntelsen  (1909  and  1910). 

When  surface  tension  is  meiisured,  as  in  the  exporinients  of  several  workers, 
by  means  of  vibratinL'  drops  or  surface  waves,  the  surface  tension  plays  the 
part  of  elajsticity  la  tiic  ordinary  form  of  wave  motion  in  air,  so  that,  when 
this  surface  tension  changes,  the' rate  of  vibration  changes  also.  When  pore 
liquids  are  investigated  by  this  dynamic  method,  in  which  the  surface  is  being 
continually  renewed,  the  same  vr]u»'s  nvc  obtained  as  hy  static  methods,  such  as 
rise  in  a  capillary  tube  or  drop  metiiod,  where  time  is  allowed  for  the  surface  to 
attain  a  state  of  equilibrium.  With  tolutiom  of  substance  which  lower  surface 
tension,  on  the  other  hand,  and  are  therefore  concentrated  in  the  surface  layer, 
it  depends  upon  the  rate  at  which  this  adsorption  takes  place  wliether  the 
two  kinds  of  method  give  identical  values.  Conversely,  if  the  values  are  nol 
identical,  it  is  clear  that  the  adsorption  has  not  had  sufficient  time  for  completioD 
before  a  new  surfoce  is  formed  in  the  dynamic  method.  To  take  a  well  marked 
instance  :  A  025  percent,  solution  of  sodium  oleate  has  a  static  surface  tension 
of  20  dynes,  hut  a  dynamic  one  of  79  dynes,  practically  the  same  as  water, 
so  that  no  adsorption  has  taken  place  in  the  time  allowed  before  a  new  surface 
is  formed.  The  fact  is  of  interest  in  that  it  showS  that  the  actual  process  of 
adsorption  Is  not  instantaneous,  although  it  is  extremely  rapid. 

The  Gibbs  principle  implies,  as  will  be  obvious,  that  if  a  substance  raises 
surface  eneriry,  its  concentration  at  an  interface  wiH  be  loiveird,  giving  rise  to 
ji^ijadre  (vhorpdon.  .Such  a  case  has  been  described  by  Laijergren  (189S).  When 
sodium  chloride  solution  is  shaken  with  charcoal,  its  concentration  is  raised,  owing 
to  its  being  displaced  from  the  interface  and  sent  into  the  main  body  of  the 
8(dution.  This  effect  seems  to  depend  on  change  in  solubility  with  pressure^  einoo 
the  water  film  on  tlie  surface  of  the  adsorbing  powder  is,  probably,  in  a  highly 
compressed  stat^j  owing  to  molecular  forces  (Nernst,  1911,  p.  124). 

Although  the  principle  of  Camot  and  Clausius  shows  that  adsorption  must 
take  place  if  free  enei^  is  lowered  thereby,  we  have,  as  yet,  made  no  reference  to 
the  forces  which  produce  this  surface  action,  Titoff  points  out  (1910,  p.  674)  that 
the  quantity  adsorbed  in  the  c^ise  of  gases  incresaes  with  the  well-known  quantity 
a  of  the  Van  der  Waais  equation — 

(;> +  6) -BT, 

The  meaning  of  this  equatimi  will  be  discussed  later  (page  149),  but  it. maybe 

stated  hero  tliat  <i.  expresses  the  muiu  tl  attraction  of  the  molecules.  Therefore,  as 
Arrhenius  puts  it  (1912,  p.  40) :  '"The  forces  which  produce  adsorption  are  of  the 
same  order  and  of  the  same  nature  as  those  which  cause  the  mutual  attraction  of 
molecules.'*  This  view  is  confirmed  by  the  fact,  shown  by  Freundlich  (1909, 
p.  154),  that  the  extent  to  which  a  series  of  different  substances  is  adsorbed 
charcoal  follows  the  same  order,  although  different  in  absolute  amounts,  when, 
adsorb^xl  by  wool,  silk,  cotton,  and  so  on. 

Four  special  cases  of  adsorption  are  of  interest  to  the  physiologist,  on  account 
ol  the  part  they  play  in  the  phenomena  with  which  he  has  to  deal  These  may  be 
given  here  as  illustrating  the  nature  of  the  process.   Obher  esses  will  appear  in  the 

course  of  this  book. 

I.  Thf-  A'Isoij/tinn  of  Gmes  bi/  Solid — This  is  familiar  to  all  chemists  in  the 
use  of  charcoal.  It  is  characteristic  of  adsorption  to  be  diminislied  by  rise  of 
temp«rature,  and  here  it  is  <rf  importance  to  remember  that  this  statmoent  refers 
only  to  the  condition  of  equilibrium^  and  that  the  rate  of  adsorption  is  increased  by 
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riRe  of  temperature,  in  accordance  with  the  general  rule.  At  a  temperature  of 
liquid  air,  charcoal  adsorbs  gases  to  such  a  d^;ree  that  it  is  used  by  Dewar  to 
produce  a  bigh 

According  to  Arrhenius  (1012»  p.  29)  adsorption  by  otuurooal  of  gases  which  liquefy  with 

(liffiLniky,  such  as  hydrogen  ana  helium,  is  directly  proportional  to  their  pressure  at 
ordinary  tciuptralures,  and  of  all  gases  (a«  well  as  some  dissolved  substances)  at  high 
temperatures.  The  !  ■.  i  ^uggesLs  that  deviations  may  be  due  to  sometliing  like  liquefaction 
on  the  waxUob,  HUM  CldlO»  p.  d7d),  indeed,  owioluaee  that  ammonia  i«  partially  liquefied, 
beoane  61  tha  nte  of  ioamm  of  heat  of  adMrption  a*    &  ^ppraaohed. 

Since  the  gas  is  condensed  on  the  surface,  according  to  some  ohsBrvers  even 
liquefied  in  certain  cases,  and  when  gases  are  compressed,  heat  is  evolTecI,  it  is 

not  surpnsing  to  fintl  tliat  adsorption  is  attended  hy  production  of  heat. 
Titoff  (1910,  p.  658,  otc.)  has  detoi-inined  this  in  a  number  of  instances,  and 
his  data  will  be  made  use  of  later  in  discussing  the  nature  of  oxyhaiuioglobin. 
It  is  scarody  necessary  to  remind  the  reader  that  this  adsorption  of  gases  by 
surfaces  is  not  a  cheioical  reaction.  If  oxygen  combined  with  the  charcoal 
tised  to  make  a  vacuum,  so  that  CO  or  C0._,  were  produced,  it  is  obvious  that 
no  disappearance  of  gas  would  take  place.  Moreover,  the  adsorbed  gas  can  be 
driven  off  again  by  heat. 

The  adaoiption  of  water  vapour  on  the  surface  of  vessels  whidi  have  been 
dried  in  a  vacuum  desiccator  is  a  well-known  source  €i.  trial  to  the  chemist. 

When  finely  divided  jtlatinum  is  exposed  to  a  mixture  of  oxygen  and  hydrogen, 
combination  takes  place  between  these  gases,  with  the  formation  of  water. 
Faraday  (1834,  p.  165)  suggested  as  an  explanation  of  this  phenomenon 
that  a  <x>ndensation  of  the  gases  took  place  on  the  surface  of  the  pUM^um, 
80  that  the  molecules  werr  Vn  >ught  into  close  contact. 

It  is  interesting  to  note  the  clear  concpption  of  surface  pondensation  which  Faraday  had 
formed.  On  p.  180  of  his  "  Experiiuenliil  Researches  on  Electricity"  (1839)  he  speaks  <rf 
an  "attractive  force  of  bodies"  causing  association  more  or  less  close,  without  at  tne  same 
time  producing  ohemioal  oombination,  bat  "  which  oooauooaUjr  leads,  under  very  favourable 
cironmstmnoes,  to  the  oombioation  of  bodies  simnltaneousHy  subjeotM  to  this  atttaetion." 
Chi  \>.  181  rcfrrs  to  "the  attraction  }>et\vcen  gins';  and  nir,  well  known  to  l)!iromet«r 
makers,''  and  to  the  fact  that  they  have  no  power  of  combination  with  each  other.  On 
p.  161,  again,  mention  is  made  of  the  power  of  water  vapour  to  condense  upon,  although  not 
to  combine  with  clay,  charcoal,  and  turf,  "assisted  a  little,  perhaps,  by  a  very  slight  solvent 
action"  in  the  latter  case.    (See  the  present  author  s  letter  to  Naturt,  vol.  xciv.  (1914)  p.  253.) 

The  question  will  come  up  for  further  discussion  in  Chapter  X, 
IL  Th»  AdaorpUon  of  Sugar. — ^Witii  ren^ect  to  the  mechanism  of  the  aotaon 
of  enzymes,  it  is  of  importance  to  know  whether  sugars  and  related  substances 

are  adsorWi  Tt  appears  that  sugar  does  not  lower  the  surface  tension  at 
the  int^'iface  between  water  and  another  phase  to  any  gi'eat  extent.  It  lias 
been  shown,  however,  by  Michaelis  and  liona  (1909,  p.  492),  and  by  Parkin 
(1911,  p.  16),  that  adsorption  does  occur.  The  diminutioa  of  surface  energy 
must^  therefore,  concern  one  or  more  of  the  other  forms  of  surface  energy 
which  we  have  referred  to.  Michaelis  and  "Rona,  in  fact,  sug_q:est  that  the 
adsorption  may  be  due  to  the  change  of  compressibility  or  of  solubility  at  the 
interface  (see  also  Wiegner,  1911,  p.  126). 

m.  J^JiM. — Inorganic  salts^  although  nusing  surEaee  tension  at  the  air- 
water  interface,  lower  it  at  a  water-hydrocarbon  interface,  as  Lewis  has 
shown  (1909,  i.  p.  4G9).  Theoretieally,  then,  there  in  r  ]><'ssibility  of  adsorption 
at  such  an  interface.  Tiie  actual  fact  can  be  demonstrated  experimentally. 
J.  J.  Thomson  (18i<8,  p.  192)  describes  an  experiment  by  Dr  Monokman  and 
himself,  in  which  a  de^  coloured  solution  of  potassium  permanganate  emerged 
alnutst  colourless  after  trickling  through  finely  divided  silica.  Samec  (1911, 
r  155)  quotes  an  investigation  bj  Kugel,  in  which  it  was  found  that  the 
apparent  solubility  of  the  more  insoluble  salts  might  be  as  much  as  one  thousand 
times  more  in  stmrch  solutions  than  in  water,  owing  to  adsorption  by  the  starch 
granules. 

IV.  7'hc  y^ature  of  Dyeiiuj  and  Staining. — The  first  stage  of  this  process  is 
almost  certainly  one  of  adsorption.  How  far  other  processes,  sucli  as  soliri  solu- 
tion and  chemical  reaction,  play  a  part  in  later  stages,  will  be  discusttcd  pretieuUy. 
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ELECTRICAL  ADSORPTION 

The  adiiorption  of  electrolytes  and  of  dyes  is  a  more  complex  process  thau  that 
ol  mere  redaction  of  aurfiEMse  toudoii,  since  electrical  forces  come  into  play. 

In  the  ezperimentB  of  Lewis,  caffeine  and  aniline,  and  in  those  of  Donnaii  uid 

Barker,  nonylic  acid  and  saponin,  obey  the  Oibbs  formula.  Tlie.se,  it  will  he 
noted,  are  all  practically  non-electrolytes.  Lewis  found,  on  the  contrary,  that 
bile-salts  and  dyestufi^,  sadi  a«  methyl  orange  and  Con^o-red,  were  taken  up  in 
modi  larger  amount  than  the  GiboB  formoUi  would  udicate.  These  latter 
compounds,  however,  are  electrolytes,  i.e.,  they  are  dissociated  in  water,  with 
the  formation  of  electrically  charged  products.  The  non  dissociated  part,  more- 
ever,  tends  to  form  aggregates  of  a  colloidal  nature,  which  carry  charges. 

We  have  already  seen  how  most  insolttUe  sur&oes  immorsed  in  water  haTe- 
a  negative  cfaargef  some  few  a  positive  one.   The  origin  of  this  char^  does  not 
concern  us  here,  and  will  he  treated  in  future  pages.    The  point  to  lie  noted 
is  that  it  gives  rise  t<>  a  e  onaiiderable  amount  of  free  energy  on  the  surface.  If, 
therefore,  the  deposition  o£  any  substance,  from  solution  in  the  water,  upon  sucLr  ' 
a  sur&Kse  would  reduce  the  electrical  potential  there»  it  will,  by  the  Oibha  principle,  | 
tend  to  take  place.   Suppose  that  the  surface  is  that  of  charcoal,  whidi  has  in 
water  a  negative  charge,  and  that  to  the  water  we  add  substances  with  positive 
charges,  such  as  colloidal  ferric  hydroxide,  or  a  siilt  which  dissociates  with  pixKluc-  | 
tion  of  positive  and  negative  ions.    The  colloid  or  the  cation  of  the  salt  will  be 
deposited  on  the  snrfacey  so  that  its  charge  is  neutralised.  | 

Perrin  (1905,  p.  100)  was  the  first  to  suggest  that  electrical  forces  might  play 
apart  in  the  phenomena  of  dyeing,  and  V.  Henri  and  Larguier  de,s  Bancels  f  1  ^^05> 
called  in  the  aid  of  such  forces  to  explain  the  fact  that  aniline  blue,  au  electro 
negative  colloid,  is  taken  up  by  gelatine,  itself  an  electro-negative  colloid,  in  very 
8o»U  amount,  because  of  the  mutual  repulsion  of  their  cj^rges.  If,  however, 
barium  nitrate,  which  dissociates  with  formation  of  positively  charged  barium 
ions,  be  added,  these  ions  discharge  the  dye  particles  (from  Perrin's  work,  it  \% 
more  probable  that  it  is  the  surface  of  the  gelatine  tlut  is  discliarged),  so  that 
thewe  IB  no  longer  repulsion,  and  the  geUitine  becomes  deeply  stained,  ^e  first 
eystematic  inv^tigation  of  this  electrical  adsorption  was  made  by  myself  (1906). 
I  found  that  the  adsorpti  on  of  vari^^u^  electrically  charged  bodies  by  electrically 
charged  surfaces  depended  on  the  sign  and  the  amount  of  the  respective  charges.  ; 
An  electro-negative  surface,  say  that  o£  filter  paper,  will  take  up  large  quantities 
of  an  eleetrojpoflitive  substance,  such  as  night-blue,  but  only  a  trace  a  negative 
dy^  such  as  Congo-red.  The  amount  adsorbed  also  depends  on  the  amount  of  the 
charge,  as  is  indicated  by  its  connection  with  the  dielectric  constants  of  tlie  con  I 
stituents  of  the  svstem  ;  for  example,  more  Congo-red  is  taken  up  from  tlilute 
alcohol  thau  fixtm  water.  The  charge  of  paper  is  proportional  to  the  ditl'erence 
between  its  dielectric  constant  and  that  <k  the  liquid  in  which  it  is  immersed. 
Paper  itself  has  a  dielectric  constant  of  2*82,  water  one  of  about  80,  pure  alcohol 
ono  of  26  (see  the  article  by  Graetz  in  Winkelmann's  "  Physik,"  2te  AuH.,  Bd.  IV.,  " 
pp.  112,  14  1,  and  1.37).  Hence  the  negative  charge  of  paper  is  lower  in  alcohol, 
and  a  negative  dye  is  more  readily  adsorbed. 

I  found  further,  that  when  neutral  salts,  having  no  chemical  action  on  the  I 
materials  concerned,  such  as  sodium  chloride  in  the  cases  of  Congo-red  and  night-  j 
blue,  are  added,  the  ('tTe<  t  is  to  increase  the  adsorption  of  n^fjative  dyes  and  to  j 
diminish  that  of  jmtiliw  dyes.    The  explanation  will  be  obvious;  the  positive  ion 
(Na)  of  the  salt  diminishes  the  negative  charge  of  the  paper,  in  accordance  with  • 
the  Oibbs  prindple,  and  consequently  the  adsorption  of  a  similarly  charged  body 
is  facilitated  while  that  of  an  oppositely  charged  tine  is  retarded.    The  a^isorpt  ion 
of  colloidal  arsenious  sulphide  (electro-negative)  was  found  to  )y<i  affectt^l  in  the  ' 
same  way  as  that  of  Congo-red.    Addition  of  a  tnice  of  gelatine  or  albumin  to  the 
sdution  prevents  the  effect  of  electrolytes,  a  phenomenon  whose  explanation  will  | 
be  found  when  wc  come  to  discuss  the  coll<  i  1  i  l  state. 

Similar  theories  with  regard  to  dyes.  l)ut  less  compU'tv,  since  the  actions  of 
added  salts  and  of  dielectric  constants  were  not  included,  were  subsequently  put  for- 
ward by  Feiet-Jolivet  (1910),  Michaelis  (1908),  and  by  Gee  and  Harrison  (1910). 
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That,  the  electric  charge  on  surfaces  is  in  reality  diminished,  neutralised,  or  even 
reversed  by  ions  with  charges  of  opposite  sign,  has  been  shown  experimentally  by 
Perrin  (1904).  The  method  used  was  to  deteraiine  the  rate  at  which  water  passes 
throagh  diA|<hragnis  of  paper  or  other  snbttanoe^  which  had  been  expoeed  to  the 
action  of  various  electrolytes,  in  obedience  to  the  attraction  or  repulsion  of  cliarged 
electrodes  at  opposite  sides  of  the  diaphragm.  If  this  latter,  for  example,  is 
negatively  charged,  the  water  in  contact  with  it  will  be  positively  charged,  and 
therefore  attracted  by  the  negatively  charged  electrode  (anode). 

Bmil  Baur  (1918)  describes  a  method  of  demonstisting  and  measuring  tlie  change  of 

potential  at  a  h'])oicl  w  ,it»  i  interface  ^s  lu  :i  mion  or  cation  is  ft<Jsorl''  1  th n  in.  A  model,  on 
this  principle,  of  the  electrical  organ  of  the  fish  is  also  described.  The  change  of  electro- 
motive force  produced  in  this  nanner  is  permaimit  and  alwayi  of  tiie  sign  predicted  by  (he 
hypotheeis,  so  that  the  sSiBOt  i^qMars  to  be  aottially  doe  to  adsorptiaii  (see  Chapter  XX 11.). 

Acids  and  alkalies  are  very  active  in  this  power  of  conferrin!^  electric  charjrp«i 
on  surfaces,  no  doubt  owing  to  the  great  mobility  of  H*  and  UH'  ions,  responsible 
for  the  effect.  Graphite,  for  example,  can  in  t^is  way  be  made  positive.  Lachs 
and  Michaelis  have  shown  (1911,  p.  5)  that  when  such  eleotro-positive  graphite  is 
immersed  in  a  solution  of  potassium  chloride^  the  n^^tive  ion  (CI')  is  adsorbed, 
while  electro-negative  graphite  adsorbs,  in  preference,  the  positive  ion  (K*). 

It  is,  however,  inoorreet  to  aay,  as  these  authors  do,  that  the  Gibbs  principle  fails  in 
SDeh  esses.  If  the  statnnent  of  this  principle  is  understood  to  refer  only  to  meehariiosl 
snrface  energy,  it  is  true  that  electrical  ener>,'y  is  loft  out  of  oonaidaration  ;  but  this  is 
dearly  not  the  iutouiion  of  Gibbs  himself,  who  would  make  it  apply  to  all  forms  of 
surface  energy.  In  fact,  it  is  really  a  dednotioD  fram  the  principle  ofOsniot  and  Olaasiiis, 
whioh  controls  all  forms  uF  energy  whatever. 

From  th*»  point  of  view  of  energetics,  wp  may  formulate  the  main  fact  of 
electrical  adsorption  as  follows.    Any  process  that  will  reduce  the  electrical  energy 
at  a  surface  will  tend  to  take  place.    Hence,  for  example,  if  a  surface  has  a  negative 
charge,  positively  charged  bodies  will  be  conoentrated  upon  it,  so  as  to  annul  its 
charge.    These  bodi^  may  be  positive  ions  (cations)  or  colloidal  aggregates.    It  is 
not  clear,  however,  from  this  point  of  \new  alone,  whv  tin*  charge  is,  in  many 
cases,  not  merely  reduced  to  zero  but  actually  reversed  m  sign  (Perrin,  1904, 
p.  640).    According  to  Harrison  (1911,  p.  20)  the  negative  electrical  charge  on 
''djandne-Une"  is  annulled  by  ^uminium  sulphate  in  low  concentration,  but,  in 
greater  concentration,  converted  into  a  positive  one.    It  is  probable  that,  although 
the  electrical  energy  at  the  surface,  in  such  cases  of  reversal  of  sign,  is  greater  than 
it  is  at  the  stage  in  which  the  original  charge  is  abolished,  other  forms  of  surface 
energy,  such  as  tiie  mechanical  one  due  to  surface  tension,  may  be  decreased. 
The  question  of  ad.sorption  of  ions  which  decrease  surface  tension  has  been  con* 
sidered  by  Freundlich  (1909,  p.  245),  Eli.s.safoff  (1912),  and  Ishizaka  (1913).  The 
la.st  observer  finds  that,  in  the  precipitation  of  aluminium  hydroxide,  a  strontjly 
adsorbed  (organic)  anion,  such  as  that  of  salicylic  acid,  is  more  powerful  than  one 
wluch  ia  ipvricly  adsorbed,  such  as  a  uniTalent  inof)ganio  anion,  or  that  of 
lulphanUic  acid.    We  see  thus  the  possibility  of  a  char^  being  increased,  if  the 
ion  conferring  the  charge  i?,  one  that  is  strongly  adsorbed,  owing  to  its  effect  in 
diminishing  the  mechanical  surface  energy.    Similarly,  Freundlich  and  Schucht 
(1913,  p.  646)  find  that,  in  the  precipitation  of  a  negative  colloid  by  cations,  those 
et  the  neavy  metals  and  of  otiganie  bases  are  more  active  than  would  be  expected 
from  their  valency,  and  that  this  is  to  be  accounted  for  by  the  fact  of  their  great 
mechanical  adsorption. 

CHEMICAL  ADSORPTION 

The  doctrine  of  energetics,  as  applied  to  chemical  reactions,  teaches  us  that 
such  reactions  wUl  be  favoured  at  interfaces  if  they  lower  the  chemical  potential 
there.  The  condition  required  for  such  cases  is,  of  course,  tliat  tlie  chemi'  il 
nature  of  the  phase  regardtnl  as  that  one  at  whose  surface  tlie  reaction  occurs  is 
auch  as  to  be  capable  of  reaction  with  the  substance  in  solution.  The  difference 
between  such  surface  phenomena  and  reactions  in  true  solution  is  that  in  the 
latter  case  the  law  of  mass  action  is  strictly  obeyed,  the  active  mass  present  being 
equivalent  to  the  number  of  molecules  of  the  solute   whereas,  in  the  former  case, 


Digitized  by  Go 


6o  PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


the  extent  of  surface,  or  the  number  of  molecules  situated  there,  is  the  controlling 
ffictur,  corresponding  to  tlie  active  mass.  The  surface  of  the  same  quantity  of 
matter  may  vary  euoruiously,  according  to  the  degree  of  subdivision,  as  already 
pointed  out.  The  Bubdivirion  may  indeed  be  carried  oot  in  imagination  so  far 
that  molecular  dimensions  are  reached,  in  which  case  ordinary  chemical  action 
is  being  fJ'vilr  with.  This  possibility  of  the  pyi«N-nce  of  every  intermediate  stage 
is  ajtparent,  and  it  is,  perhaps,  this  fact  that  has  led  to  many  of  the  loose  state- 
men  made  by  some  writers  on  adsorption.  Although  theoretically,  chemical 
adsorption,  as  defined  above^  should  be  included  under  the  general  nam^  it  is 
usually  understood  that  the  more  physical  fitrmSi  due  to  changes  in  surface  tension 
or  electrical  charge,  are  meant  when  adsorption  is  spoken  of  as  distinct  from 
chemical  comViination. 

In  cases  of  "  apecijic  "  adiorpilouy  where  a  SUffaoe  takes  up  preferentially  a  par- 
ticular substance,  it  appears  that  the  choulcal  nature  of  the  sarfeoe  must  be  taken 
into  account.  At  the  same  time,  when  wo  remember  the  manifold  possibilities  of 
differences  in  surface  tension,  electric  charge,  etc.,  it  seems  unlikely  that  reeonrse 
need  be  had  to  clieinical  phenomena,  except  in  rare  cases  (see  van  Bemmelen,  19!0, 
pp.  423430;  Freundlich,  1909,  pp.  153-162;  Barger  and  W.  W.  Starling,  1915). 
The  physical  properties  of  a  substance  depend  on  its  chemical  constitution. 

Some  examples  may  be  given : — WOhler  and  Plttdderruinn  p.  684)  found  that  carbon 

and  red  oxide  of  iron  adsorb  benzoic  acid  ten  timee  aa  strongly  as  they  do  acetic  acid. 
Chrominm  oxide  adsorbs  both  aci<I^  eijuUly;  wUle  platinum  bUck  adsorbs  aoetic  acid 
slightly  more  than  benzoic  acitl.  but  iHMtlu  r  to  any  great  extent.  These  apparentlv  specific 
adsdrpiions  can  scarcely  be  of  u  chtiiaical  nature.  Another  case  which  may  have  a  bearing 
on  the  question  of  specific  adsorption  is  given  by  Maro  (191S,  p.  dOSQ.  Orystallina  substances, 
»\v  \\  as  li;u  iuni  carbonate,  only  adsorb  crystalloids  when  these  are  isomorphons,  or  crystalH'"" 
in  a  similar  form  to  that  of  baiiiiui  carboaate.  They  are  supposed  to  be  able  to  form  a  s^olul 
solution  on  the  suifiu  <*  of  tbt'  adsorbent.  Thus,  potassium  nitrate  is  adsorbed,  since  it,  like 
barium  carbonate,  belongs  to  the  rhombic  system.  Sodium  nitrate,  of  the  hexagonal  system, 
is  not  notably  adsorbedT  Calcium  carbonate,  of  the  hexagonal  system,  on  the  other  band, 
adsorbs  sodium  nitrate,  but  not  pola.Hsium  uilratc.  Sinco  calcium  carbonate  um  be  obtained 
also  in  crystals  of  the  rhombic  system,  it  seems  possible  to  test  the  hypothesis;  theee 
crystals  shonid  adsM'b  potaarinm  nitrate  bat  not  sooittin  nitrate.  It  muBt  be  rennembered 
also  that  pot^issiiini  tiitrato  can  cry8tallise  in  the  hexagonal  system,  isomorphons  ^ath  sodium 
nitrate.  This  deposition  of  a  salt  on  an  iaomoiphoua  crystal  might  be  supposed  to  be  merely 
the  ordinary  growtii  of  a  oryetal  in  a  eoIutioD  of  an  iaomorphous  salt,  say,  oslo^epar  increaaing 
in  size  by  the  addition  of  layers  of  sodium  nitrate  ;  but,  as  it  appears  to  follow  a  complex 
parabolic  law,  surface  concentration,  according  to  the  laws  ot  adsorption,  nct>ds  taking 
account  of. 

Freundlich  (1909,  p.  514)  points  out  that  gelatine  only  adsorbs  sugar  after  having  beim 
treated  with  formaldehyde.  We  have  seen  abovu  that  thuru  is  a  considerable  difference  iu 
the  stmcture  of  gelatine  after  the  action  of  formaldehyde,  as  shown  by  Hardy  (1899,  i.  p.  165). 
But  wf  nniRt  also  remember  that  formaldehyde  oombinee  ohemioally  with  proteins,  so  tliat 
ih©  iiuorprytatioii  uf  this  fact  is  not  quite  simple. 

Dniry's  work  (1914)  shows  that  the  condensation  of  a  solute  on  to  a  surface  is  msricfldly 
influenced  by  the  jvretnoiM  treaiment  of,  or  by  the  gas  condensed  on,  that  aorfaoe. 

The  physical  configuration  of  the  surlaoe  may  also  play  a  part  wben  both  adsorbent 
and  Ix'dy  adsorbed  have  surfaces  of  a  definite  structure.  A  rough  illustration  may  explain 
what  is  meant.  A  flat  surface  and  one  covered  with  proieotiug  points  caimot  get  into  close 
eontact,  whemss  two  flat  surlsoes  ««a  do  so*  This  iosa  is  at  iiraaeat,  howairw,  purely 
hypotheUoal.  ^le  problem  of  apeoifio  adsoixttion  has  not  yet  reoeivwl  adequate  invvatigatioik 

COMBINED  EFFECTS 

The  Tarioas  forms  of  surface  energy  may  he  present  at  the  same  time  on  the 

same  surface,  and  it  is  of  some  intereet  to  know  how  they  afibcfc  one  another. 
The  action  of  an  electrical  charire  on  mechanical  surface  tension  is  to  diminish  it, 
as  may  bt;  atjen  from  the  following  consideration.  Surfa.ce  t<^nsion  is  due  to  the 
mutual  attraction  of  the  elements  of  the  surface ;  when  these  elements  receive  an 
electric  charge,  they  repel  one  another,  being  of  the  same  sign,  and  thus  a  force 
is  present  in  an  opposite  direction  to  that  of  surface  tension. 

It  appears  that  electrical  adsorption  exceeds  in  amount  that  due  to  diminution 
of  .surfa<  ('  tension,  so  far  as  the  cases  at  present  known  indicate.  We  »4ee  in  the 
expei  iiueuljj  of  Lewis  with  sodium  oleate  (1909,  p.  494)  that  the  amount  adsorbed 
by  a  water-oil  interface  was  one  hundred  times  greater  than  tiiat  ealculated  from 
the  Gibbs  formula  to  be  due  to  diminution  of  surface  tension. 


Digitized  by  Google 


SURFACE  ACTION  6i 


VELOCITY  OF  ADSORPTrON 

Tliere  m  overv  reasou  to  Huppose  that,  wiica  a  siubstance  reaches  tlie  surface 
afc  whi^Ai  it  ifl  adaorbed,  the  actiud  prooesa  of  attadunent  itself  is  of  very  great 
rapidity.    The  difierence  between  static  and  dynamic  mtvfaoe  trasion,  referred  to 

on  p.  56  above,  .sh<»\vs,  however,  that  the  rate  ()f  surface  concentration  is  not 
absolutely  iDstautaiieous.  Although  this  is  the  case,  it  i.s  clear  that,  when  an 
obvious  interval  of  time  is  observed  to  elapse  in  an  adi>orption  experiment  before 
equilibrium  ia  attained,  in  many  caaea  several  hours,  what  is  being  measured  ia 
the  time  taken  for  the  substance  to  diffuse  from  the  more  distant  parts  of  the 
solnrfon  to  the  a<]sorV)ing  sui-faee.  As  would  he  expected,  it  is  found  that  the 
time  laken  for  attainment  of  equilibrium  is  shortened  by  shaking  (Arendt^  1915). 

BFFEOr  OF  TEICPERATURB  ON  ADaOBFTIOK 

The  effect  of  temperature  on  the  raU  ot  adsorption,  in  accordance  with  the 
previous  paragraph,  is  found  to  be  of  the  same  order  as  that  which  it  has  on 

diffu'^ion  processes.  In  the  case  of  Congo  rod  and  filter  paper,  ruv  oxpenmcnts 
(1906,  p.  18S)  showed  the  coefficient  to  l^e  1'36  for  10'  C.  Brunjjer  (1904, 
p.  62)  foun(i  that  for  the  diffusion  of  benzoic  acid  to  be  1*5. 

Although  the  rate  of  adsorption  is  inoretmd  by  rise  of  temperature,  in 
agreement  with  the  usual  rule,  the  amtnmi  adsorbed  whm  equilibiium  is 
leached  is  diminished.  Heat  dis8<K;iatcs  an  adsorption  compound.  This  fact 
is  familiar  in  the  case  of  charcoal,  where  the  gas  adsorbed  at  a  low  tcrnporature 
is  given  off  again  on  heating.  In  the  case  of  Congo  red,  my  experiments  showed 
that  the  amount  taken  up  was  in  inyerse  linear  proportion  to  the  temperature 
(1906,  p.  190).  When  the  temperature  was  raised  to  100'  C,  the  (l\  e  was 
fixed  in  the  paper  and  could  not  be  removed  by  washing.  Chemical  coinl)iiia- 
tion  appears  to  take  place,  and  also  goes  on  very  slowly  at  ordinary  temperatures. 
Thiti  fact  will  be  referred  to  again  below. 

The  decrease  of  adsorptiim  by  rise  of  temperature  is,  no  donbt,  to  be 
explained  by  the  fact  that  surface  energy  itself  is  anomalous  in  ha\  ing  a  negative 
temperntTiro  eoetTicient.  The  surface  tension  of  n  p<ir!i(  i!l  i[  sample  of  tap  water 
was  found  to  be  73*8  dynes  at  17'  and  65  dynes  at  tiO  .  Lactic  acid  in  44  per 
cent,  solution  at  18*  has  a  value  of  tK)'5  dynes,  and  of  47  dynes  at  67*.  In 
accordance  witii  these  data,  it  was  found  l^t  2  grams  of  charcoal  at  0'  adsorbed 
51  per  cent,  of  the  lactic  acid  from  20  c.c.  of  0-71  per  cent,  solution,  but  only  42 
per  cent,  at  40°.  Tf  we  consider  the  surface  tension  at  the  interface  between  a 
liquid  and  its  vapour,  we  see  that  it  must  vanish  at  the  critical  temperature,  since 
the  boundary  surface  disappears.  Hence,  we  should  expect  that  the  surface 
tensirjn  would  decrease  as  the  temperature  rises  towards  this  critical  point. 

The  physiological  significance  of  the  fact  may  be  illustrated  by  the  case  of 
nuiscular  contraction,  whose  strength  is  diminislietl  by  ri.se  of  temperature. 
Weizsucker  (1914)  has  shown  experimentally  that  one  of  the  components  of  the 
process  has  itself  a  negative  temperature  coelBcient^  The  conclusion  may  be 
drawn  that  surface  eneigy  plays  an  important  part  in  muscular  contraction. 

HEAT  OF  ADSORPTION 

Since  adsorption  is  decreased  by  rise  of  tefopernttirf  the  van't  Hoff  principle 
of  mobile  equilibrium  implies  that  it  takes  place  with  evolution  of  heat.  This 
is  easy  to  detect  in  the  case  of  gases,  as  we  have  seen ;  in  that  of  liquids  and 
solids  it  is  difficult  to  distinguish  it  from  the  heat  of  liquefaction  or  of  dilution,  etc. 

THE  ADSOKFIXON  FORMULA 

One  of  the  most  characteristic  properties  of  an  adsorption  process  is  that 
the  amount  taken  up  is  not  in  direct  linear  relationsliip  to  th^  f-mcentration 
of  the  adsorbed  substance  iu  the  solution  in  equilibrium  with  tiie  surface. 
Sttppcoe  a  is  the  amount  adsorbed  from  a  certain  solution,  then  the  amount 
adsorbed  from  a  solution  of  twice  the  concentration  will  not  be  ax 2,  but 
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a  X  some  root  qf  2,  or  less  tlian  twice ;  this  root,  expressed  as  exponent  usually 

lies  between  the  values  of  0*1  an<i  0*5.  In  the  latter  case  it  is,  of  ooiAv^  tbe 
simplo  ri'latinn  of  the  square  root,  but,  a?"  we  shall  have  many  opportunities  of 
seeing  in  succeeding  pages,  it  is  very  rarely  that  it  is  precisely  of  this  value.  A 
table  ol  values  lor  a  number  ol  ^pioftl  cases  will  be  found  on  pp.  100  and 
151  ot  IVeundlich's  work  (1909).  In  other  words,  the  more  dilute  the  solutioDy 
the  greater  is  the  proportion  of  its  contents  that  is  adsorbed.  The  equation 
expressing  this  relationship  is  given  by  Ereundlioh  (1909|  p.  146)  in  the  follow* 
ing  form : — 

-=a.O 
m 

whore  x  is  tiie  amount  adsorbed  by  the  surface  «•»  from  a  solution  whose  .final 

1 

ooncentra^on  is  0,  a  and  -  being  constants  for  a  particular  sur&oe  and  solution. 

The  temperature  is  supposed  constant,  so  that  the  expression  is  that  of  the 
adsorption  isotherm,   a  may  be  defined  as  the  quantity  adsorbed  by  unit  snrfaoe 

from  a  solution  which  is  of  unit  concentration  when  in  equilibrium  with  the 
amount  adsorbed  by  the  surface.  Its  value  varies  considerably  in  different 
instani^,  according  to  surface  tension,  electric  charge,  and  so  on.    The  range 

ol  its  values  is  very  much  greater  than  that  of 

Tkd  relation  of  this  formula  to  timt  correlating  diminution  of  surface  tension 
with  ooneentration,  as  <x\ven  on  p  52  above,  will  l^^^  evident.  If  we  consider 
the  eliect  of  successive  deposits  on  a  surface,  it  will  be  clear  that  the  first  one 
will  cause  greater  diminution  of  surface  energy  than  succeeding  ones,  and  each 
of  these  less  than  its  predecessor.  Each  successive  deposit  oconrs  on  a  surCsca 
whose  energy  is  already  lesaened  by  the  previous  deposit.  Finally,  a  state  of 
satumtion  is  reached. 

The  carve  exprewed  by  Freundlich's  equation  i«  usuallf,  but  inoomofcly,  oslkd  an 
"ezpoDOillhl*'  oiM.  Properly  speaking,  an  exponential  onrve  is  one  wImmb  equation  has 
one  of  the  varkMit  as  an  exponent :  ff^a.e,*'*  Oar  onrve  is  one  of  the  forms  of  Um  genersl 

equation  to  the  f^ily  of  parabolas:  if^aaer ;  when  «s2;  or  ^— 9*0^  the  ennre  is  the  ordinsiy 

parabola*  when  n^Z,  it  is  oslled  a  eobio  parabola. 

In  order  to  determine  the  values  of  i  and  •  for  a  series  of  experimental  results,  the  simplest 

way  is  to  plot  out  the  valucR  on  logsritbmio  paper.  IVeoodlich's  formula  may  be  written  thus, 

by  taking  luj^thms  ibroughout: — 

log  5  -  log  a  +  1  log  C. 
m  a 

This  fonanla  is  that  of  a  strsigbi  line  indined  to  the  axes.  If  the  vslnes  of  log  -  be 

tn 

represented  as  ordinates,  sad  those  of  log  C  as  sbaoimtp,  I  fg  the  tangent  of  the  angle  made 

n 

by  the  straight  liue  joining  the  series  of  jpointa  wilh  the  axia  oi  abbuibsw.  This  line  out«  the 
axis  of  ordinates  at  a  point  above  the  origin ;  the  distanoe  of  this  point  from  the  origin  is  the 
TsJae  of  log  a. 

Although  this  formula  satisfies  adsorption  pracesses  throngli  a  wiiit-  range, 
it  has  been  shown  by  G.  C.  Schmidt  (1911,  p.  660)  that  a  more  complex  one 
is  needed  to  satisfy  extremes  of  concentration,  and  he  gives  the  IdUowittfe:-^ 

ILce  * 


where  »  is  the  amount  adsorbed,  a  the  amount  of  substance  originally  present^ 
and  V  the  volume  in  which  a  was  dissolved.   '^^—^  is  tiien  the  concentration 

V 

of  the  solution  in  equilibrium.  S  is  the  amount  at  the  maximum,  i,€.,  the 
amount  adsorbed  when  in  equilibrium  with  a  saturated  solution,  and,  therefore^ 

B-x 

— g —  is  the  proportion  of  the  amount  adsorbed  at  a  given  concentration  to 
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that  adsorbed  at  saturation.  A  and  K  are  constants.  In  the  cane  of  acetic 
Acid  and  charcoal,  this  formula  gives  correct  values  for  all  coiicentratious  of 
Mid  between  1  and  3,000. 

Tlie  reason  for  ta^g  saturation  mto  account  is  tliat  a  surfaoe  already 

completely  coverwl  cannot  take  up  any  more  substance,  since  no  chniit^'p  of 
surface  energy  -would  result.  This  fact  is  found  to  be  in  a^eemeut  with 
experimental  data. 

In  Solimidf  8  equation  the  constant  8  expresses  the  mazinram  amount  adsortied  in  satara* 

tioD,  and  A  rt-fera  to  the  amount  ad^  ir^'  '1  at  a  jmrTiciilar  <  in  nntratioii.  Now,  Arrlietiius 
points  out  il912,  p.  31)  that  tiia  product  of  S  and  A  in  iSchniidi's  experiments  is,  within 
the  limits  of  experimental  error,  equal  to  the  reciprocal  of  log,  10  or  0*4343.  If  this  ia  so, 
fichmidt'e  eqoatioa  an(mntt  to  the  infeegi^l  of  the  following  difoentiat  eqnafeioii 

da    1  8-a 

whcro  c  it  tbe  oonoentration.  This  refsreeenta,  in  a  simple  form,  how  the  amoant  adsorbed  in 
different  concentrations  is  invenely  proportional  to  the  amount  already  adsorbed  (a),  and 
directly  proportional  to  the  distance  from  the  point  of  saturation  (S  -  a).  Arrhenius  finds  that 
the  pheiiom«  na  of  adsorption  follow  vcr\'  closely  this  formula,  oxix-pt  in  the  caae^  where  the 
amount  adsorbed  is  very  small,  on  account  of  the  large  value  of  the  heat  of  adsorption  for  the 
first  qnantitiee  adsorbed  (Arrfaenin*,  1912,  p.  37).  TTItoff  (1910,  p.  609)  finds  for  nitrogeo 
tht^  heat  of  adsorption  per  cubic  rentimctn  of  adsorbed  gas,  for  the  first  small  amounts, 
0*373  gram-calorie,  and  when  nearly  aaturaiud,  0*203  gram-oalorie.  For  small  values  of 
<i,  in  »ot,  the  isotherms  giving  log  a  as  a  funetion  of  iQgp  (ss oonoentration),  instead  of 
being  straight  lines,  diverge  until  they  eat  the  axee  of  oo-ordinatee  at  45°,  thne  obeying 
the  law  of  Henry.  * 

If  a  process  is  found  expei'imentally  to  be  best  expressed  by  parabolic 
lomrain  <»  the  kind  given  above,  the  condnsion  must  not  be  drawn  hastily 
that  it  ia  an  adsorption.   Other  facts  must  be  taken  into  oonaideratiim.  For 

instance,  suppose  a  substance  is  soluble  in  two  iminisoible  solvents  in  contact 
with  one    another,  but  to  a  greater  degree  in  one  than  in  the  other,  it  will 
be  distribute  in  a  certain  ratio  between  the  two,  this  ratio  being  known  as 
the  partUum  to^ffit^mU,   If  the  dissolved  sobstanoe  is  in  single  moleeolea  in 
both  solvents,  as  suooinic  acid  in  ether  and  water,  a  simple  linear  relationship 
holds,  whatever  the  concentration.    But,  if  the  substance  is  associated  in  one 
of  the  solvents,  so  that  the  nunil>er  of  the  molecules  is  haU^pd  or  otherwise 
diinmished,  as  in  the  case  of  benzoic  acid,  which  is  bioioiecular  in  benzene, 
the  ratio  is  no  longer  a  linear  one^  hat  an  exponential  one,  e.g.^  in  the  ease 
of  benaoie  aoid  in  water  and  hencene,  the  concentration  in  water  is  equal 
to        square  root  of  the  concentration  in  benzene  (Nernst,  1911,  pp.  495-498). 
W  e  sec  that  the  concentration  of  a  substance  in  one  phase  may  vary  as  a 
power  of  that  in  the  other  phase.    If  we  find,  then,  that  n  in  the  Freundlich 
formula  works  out  in  a  particular  case  to  be  a  whole  number,  say  2,  it  might 
be  a  simple  case  of  partition  between  two  solvents,  in  one  of  which  the 
vnh.stance  is  iMmolecular.    It  is  obvious  that  no  difficulty  arises  when  the 
exjponent  is  such  as  to  be  an  impossible  on^  except  as  an  adsorption.    Such  is 
the  eaae  when  It  would  imply  the  eadstenoe  of  fraeti(»u  <rf  molecules  in  one  of 
the  solvents.     In  the  case  of  the  adsorption  of  arsenioos  add  by  freshly  pre- 
cipitated ferric  hydroxide,  as  investigated  by  Biltz,  tlie  exponent  is  one  Hfth.  As 
Nernst  points  out  (1911,  p.  499),  if  this  were  a  case  of  distribution  between 
solvents,  arsenious  acid  must  have  a  molecular  weight  in  ferric  hydroxide  one- 
fifth  of  that  which  it  has  in  water.   Bnt  in  watw  it  is  already  in  single  mole- 
cules.   Again,  as  is  pointed  out  by  Hiilip  (1010,  p.  227),  the  concentration  of 
carbon  dioxide  on  charconl  increases  proportionally  to  the  cube  root  of  the 
pres<5ure  in  the  exf)eriments  of  Travers  (1907).    If  this  were  a  case  of  solution 
in  charcoal,  the  carbon  dioxide  must  have  a  molecular  weight  in  the  charcoal 
one-tliird  el  that  in  the  gaseous  state^  which  ia  not  possible.  The  gas  is 
evidently  condensed  on  the  surfsoei 

Arrheniusi  ("Metld.  k.  Vet^'n^kaps  akad.  Nobelinstitut,"  [2],  No  7,  1910,  quot^Ml  l>y 
Merc,  1913)  has  proposed  a  simple  formula,  to  apply  to  the  adsorption  of  sases  by  charcoal. 
It  is  pointed  out  that  tiie  oompreesibility  of  gaeee  obeys  the  same  formnu ;  sdsorption  is 
regarrled,  accordingly,  as  a  purely  molecular  property'  of  the  adsorbed  matter  and  not  as  a 
•orface  phenomenon.    It  appears,  however,  from  the  work  of  Marc  (1913)  that  the  formula  of 
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Arrhenioa  applies  only  to  a  very  liatited  number  of  cases  of  adBorption,  so  thai  it  is  probable 
that  the  fact  tho  satisfactory  application  of  this  theory  to  certain  cases  is  duo  to  th© 
oonnection  of  Huriace  teuaioD  with  molecular  attraction,  in  accordance  with  the  Young-Laplace 
theory.  The  afitnal  prooea*  of  adiorption  in  my  pftrtiettl«r  OMe  is  %  oomplsz  of  seveiml  fMtora. 

Langrauir  (1916,  1918)  treata  the  properties  of  snriaoeB  from  a  ehemical  point 
of  view.  The  molecules  in  the  surface  layer  are  supposed  to  arrange  themselves  in 
such  a  way  that  the  residual  affinities  are  drawn  inwards.  Chomical  action  being 
due  to  the  electro-magnetic  field  around  atoms,  surface  energy  is  a  measure  of  the 
potential  energy  of  1^  stray  field  ezteading  oatwards*  and  the  molecoles  arrange 
themarivea  ao  that  this  stray  field  is  the  least  possible.  Other  atoms  or  molecules  can 
then  Ix*  united  to  certain  atoms  in  the  surface,  wliii  h  may  thus  be  completely  covered 
or  saturated,  or  only  partially  so.  For  further  details  see  Lewis  (1918,  pp.  461|  etc.). 

ADSORFnON  OOHFOXJNDS  OR  COLLOIDAL  COMPLEXES 

If  we  take  a  (coiioidal)  solution  of  the  free  acid  of  Congo-red,  which  lias  a  blue 
oolour,  and  add  to  it,  quickly,  a  aolntioii  (also  colloidal)  of  thorium  hydroxide,  a 
precipitate  of  a  Hue  colour  is  formed.  This  precipitate  can  be  filtered  ofi^  or 
better,  centrifu^'Ofl  off,  and  resuspended  in  water.  On  allowing  it  to  stand  at  room 
temperature,  it  slowly  becomes  r«d  and  part  of  it  goes  into  solution  ;  this  change 
can  be  produced  quickly  by  boiling.   What  is  the  explanation  of  this  phenomenon? 

The  surfaces  of  the  articles  of  tiie  Congo-red  acid  have  a  negative  charge,  as 
can  easily  be  shown  by  rae  behaviour  to  charged  electrodes.  The  particles  of  the 
thorium  hydroxide,  on  the  other  hand,  have  a  positive  charge.  Bj*  aggregation 
togetlicr  of  these  two  substances  the  charges  neutralise  one  another  and  free 
energy  di^ppears,  so  that  such  a  process  w  ill  occur.  But  chemical  combination 
only  takes  place  very  slowly,  owing  probably  to  very  slight  degree  of  iontsation  of 
these  two  colloids.  We  Imve,  in  fact,  free  acid  and  free  base  in  close  apposition, 
but  uncombined,  as  shown  by  the  blue  colour,  which  is  that  of  the  free  acid. 
When  chemically  combined,  the  salts  have  a  red  colour,  such  as  appears  on  heating 
the  adsorption  oompoond,  or  slowly  at  ordinary  temperature.  There  are  certain 
precautions  to  be  CMMmred  to  ensure  success  in  this  experiment^  for  which  the 
reader  is  referred  to  my  paper  (1911,  i.  p.  83). 

This  peculiar  type  of  compound  is  commonly  met  with  where  colloidal  bodies 
are  present,  as  in  living  organisms.  It  is  rarely,  however,  that  tlie  nature  of  the 
oomplex  is  as  dear  as  in  the  ease  given.  Other  properties  must  usually  be  taken 
into  consideration.  One  of  these  is  the  ahsenoe  of  any  quantitative^  stoidiiometrict 
relation  between  the  constituents  of  the  compound  ;  they  may  be  present  in  any 
ratio  whatever.  The  coiioidal  complex  of  ferric  chloride  and  ferric  hydroxide, 
present  in  diaJysed  solutions  of  ferric  chloride,  may  contain  any  percentage  of 
chlorine  from  69'6  (that  of  the  chknide  itself)  through  all  stages  to  6*4  per  cent. 

It  will  perhafxi  assist  the  reader  to  realise  the  distinction  between  ohmnical 
combination  and  adsorption  if  a  few  actual  ca.^s  are  considered  brieHy. 

When  a  given  quantity  of  charcoal  is  in  equilibi  iuiii  with  solution.s  of  acetic 
amd  of  varying  concentrations,  for  each  concentration  there  is  a  definite  amount 
present  in  hoth  phases,  that  is,  there  is  always  more  or  less  acetic  acid  left  in 
solution,  however  small  the  amount  originally  present.  In  seeking  for  a  true 
chemi'rtl  ppjiftion  to  compare  with  this,  it  must  be  remembered  that  the  acetic 
acid  adsorbed  on  the  surface  of  the  charcoal  is,  for  the  time,  fixed  there ;  it  is  not 
in  solution.  The  adsorption  compound  is  similar  to  a  precipitate.  Our  chemical 
reaction  must  therefore  result  in  the  production  of  a  precipitate.  Take,  then,  silver 
nitrate,  and  add  to  it  varying  percentages  of  sodium  chloride.  What  liappens  is 
familiar  to  every  one.  At  all  concentrations  of  «Jodium  chloride  less  than  that 
equimolar  with  the  silver  present,  oil  the  chlorine  is  carried  down  and  none  is  left 
in  solution ;  at  all  concehtaitions  of  sodiom  chloride  greater  than  equimolar,  the 
amount  of  precipitate  is  always  the  same^  whatever  tlie  concentration  of  the  sodium 
chloride.  The  graph,  instead  of  Vx'iiig  parabolic,  like  that  of  adsorption,  consists 
of  two  straight  lines  at  right  angles  to  one  another.  The  figure  by  Freundlieh 
(1909,  p.  287)  nIiows  thiii  in  the  ca.se  of  the  combination  betw^n  diphenylamirie 
and  picrio  acid  as  investigated  by  Appleyard  and  Walker  (Joum.  CAmh.  iSoc,  69. 
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1334,  1896).  It  can  also  bo  dwluced  thooi*etically  from  the  law  of  ma&s  action,  lus 
shown  by  Freundlich  in  the  place  referre<l  to.  Cases  of  combination  between  wtak 
acids  and  bases  which  do  not  result  in  precipitation  are  not  coinparable. 

\N'hen  charcoal  adsorbs  either  bromine,  lx»nzoic  acid,  aniline,  or  phenol,  the 
value  of  the  exponent  in  the  formula  of  Freundlich  varies  only  between  0  5  and 
0*2.  It  is  difiicult  to  believe  that  any  process  of  a  chemical  nature  can  be  in 
question  here. 

The  amount  of  any  particular  adsorption  componnd  forn)efl  tlepi-nds  on  the  concentration, 
not  the  t<jtal  niaes  of  tho  adsorlKxI  Bubstoncc.  Now,  lirailsford  Robertson  {Koil.  ZeiU.,  3, 
p.  54)  argues  that  this  is  also  foand  in  casen  of  reversible  reactions  like  that  of  the  formation 
of  acetic  ester  from  ethyl  alcohol  and  acetic  acid.  He  forgets,  however,  that  tho  ester  formed, 
although  varying  in  amount  with  the  concentration  of  the  acid  present,  has  always  tho  same 
composition,  whereas  an  adsorption  compound  would  contain  more  acetic  acid  the  greater 
the  concentration  of  it  in  the  mixture. 

Raehlniann  (1906,  p.  152)  has  described  how  the  constituents  of  certain 
adsorption  compounds  can  be  seen  to  be  merely  in  close  apposition.    One  of  his 
experiments  is  as  follows-  The 
extract  of  a  yellow  wood,  used 
in  dyeing,  and  known  as  fustic, 
shows  itself  under  the  ultra- 
microscope  to  l)e  a  suspension 
of  minute  particles  too  small 
to  he  visible  as  separate  dots. 
By  the  addition  of  alum,  these 
'*  amicrons "  can  bo  caused  to 
aggregate    together    to  form 
larger  ones,  visible  as  such,  and 
of  a  grtenish  colour.  Serum 
albumin  behaves  similarly,  and, 
under  the  influence  of  alum, 
forms  yellow  particles.  The 
dye,  "Congo  fast  blue,"  even 
without  alum,  consists  of 
visible  particles  of  a  red  colour 
by  the  reflected  light  of  the 
uUra-microscope.    Taking  each 
sepjirately,  we  have  then  green, 
yellow,  and  red  particles. 
When  the  three  solutions  are 
mixed,  an  adsorption  com- 
pound,  which  gives  a  green 
solution,  is  formed.  This 

solution,  under  the  ultra-miciosoope,  is  seen  to  consist  of  compound  particles,  each 
containing  three  of  the  simpler  ones,  one  each  of  the  red,  green,  and  yellow  ones. 
Fig.  34  is  a  diagrammatic  representation  of  Raehlmann's  fig.  4,  the  original  U'ing 
in  ct>lours.  If  albumin,  Congo^blue,  and  fustic  are  mixed,  without  alum,  tho 
particles  do  not  run  together.  It  appears  that  Congo  blue,  and  probiibly  also  the 
other  colloids,  have  a  negative  charge,  which  must  Ixj  neutralised  by  tho  Irivalent 
aluminium  ion  before  aggregation  can  occur.  Tho  meaning  of  this  experiment  will 
be  appreciated  better  after  Chapter  IV.,    On  the  Colloidal  State,  '  has  Wen  read. 

Ix't  us  take,  as  the  next  case  for  consideration,  a  solid  in  nuiss  immersed  in 
a  solution  of  some  substance  which  lowers  surface  tension,  and  is,  therefore, 
depositeil  on  the  surfjice  of  the  solid.  Further,  let  us  suppose  that  this  atLsorbiMl 
substance  is  ca|>able  of  entering  int^j  true  chemical  combination  with  the  solid. 
It  is  clear  that  this  reaction  can  only  proceed  at  the  surface,  and  it  will  depend 
upon  the  solubility  of  the  pnnlucts  of  the  reaction  whether  the  whole  of  tho 
solid  finally  enters  into  combination,  v  whether  there  is  merely  a  layer  of  the 
prcMlucts  on  its  surface.  In  any  case,  it  is  plain  that  the  reaction  will  not  obey 
tlie  law  of  mass  Jiction  in  its  "usual  form,  since  tho  rate  of  the  reaction  will 
depend,  not  on  the  mass  of  the  solid,  but  on  its  surface. 
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Fio.  .34.  Adsorption  coMrorND  of  torek  constitu- 
ents, a»  Hcen  by  ultra  microscopic  observation  of 
a  mixture  of  fustic  (white  in  the  figure),  (Jongo  blue 
(grey),  and  albumin  (black,  outlined  by  white). 

The  fustic  particles  »i-lually  were  >fr«^'n'«l»  in  c-oloiir,  thnoe  of  the 
Congo-Dlue  were  red,  and  albumin  yellow. 

(After  Raehlmann.) 
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Now,  imogioe  the  solid  to  be  spUt  up  into  smaller  and  smaller  partideG  until 
they  become  molecules.  At  this  point  the  ordiaftiy  law  of  mass  aetioa  will  be 
obeyed,  since  surface  bos  uo  longer  any  existence. 

This  example  nhowH  the  jusiifuatinn  nf  1h>'  \  [•  w  Uikeii  l>y  B.  Mrx  rc^  flOflO,  i».  52f)^  tli  it 
there  is  no  hard  &iid  fast  line  to  be  drawn  btslween  what  he  calls  "  ntol&cular '  oompuuiui^, 
which  are  the  emne  ae  thoiie  oalted  by  others  adsorption  oomponnds,  and  triM  enemioal 
compound      In  tlic    ime  way,  iv8  wo  flhall  see  in  the  next  chapter,  there  are  all  stages  of 
transitiou  lt>etw  ueii  u^illuidB  iind  (  rystalloids.    This  fact,  however,  duos  not  alter  the  neocasity 
of  taking  into  consideration  the  surfaoe  energy  of  colloids  and  matter  in  mam.   It  appean  thai 
M«Jore  dH'^irf^  to  explain  ihe  i)l\«mnmcna  of  julnorption  by  chemical  forces  of  anotwpiirc  anrf 
indefiniU-  ki  Ml  (see  p.  534  ut  the  article  referred  to),  whereas  it  is  known  tiial  there  is 
present)  ami  active,  surface  energy  of  various  well-known  forms,  capable  of  satiriaotortty 
•xplsJaiag  the  chaxacteristio*  of  theae  pbenomeiia  without  any  further  aamuuptioiia. 
•  It  seems  to  me  that  the  walMtnown  prindple  of  logfo  oalied    William  of  Ooc»m*«  RaiBor  ** 
may  legitimately  l>p  applied  lomiohacaae  as  the  one  In-fore  us  ;  '*  t.-ntia  nnn  sinit  rTudlipIi- 
oanda  praeter  necesaitatero."  Sir  Willi.im  Hamilton  (1853,  pp.  6:^-631)  gives  a  mure  complete 
form  in  his  "Law  of  Fftnimony**:  thus  *'  NeithwnM)t«»  nor  mora  onerous,  oausos  are  to  bo 
asminxMl  than  are  necessary  to  account  for  the  phenomenon.'' 
,     j  As  physiologists,  we  must  take  the  cheroii-al  or  physical  explanation,  according  to  whidi 
leads  fufther,  when  both  are  available.    Some  chemists  appear  to  resent  any  explanation  ni  a 
phenomenon  apart  frrjm  a  chemical  one.    As  has  been  pointed  out  above,  the  ultimate  source 
of  animal  energy  is  almost  entirely  chemical,  but,  in  the  transportation  an<l  utilisation  of  tliis 
energj',  physical  factors  intervene,  and  thenc  faclf>n<  cannot  l)e  neglected  without  serious 
error.   Indeed,  the  same  thing  ma^  be  said  of  many  non-vital  prooeiaee,  soch  as  those  of  the 
giilvBTiio  eel!  or  those  taking  piaoe  in  surfaoe  films. 

i  liiit  there  is,  as  ^^()o^'  points  out,  a  kind  of  wtoichininotric  relation  betwcH*ii 
the  cutiHtituents  of  adsorption  (x>mpouads  is  not  to  be  woiKlered  at,  if  we  remember 
the  fact  of  adsorption  saturation,  that  is,  when  the  whole  of  the  adsorbing  surface 
is  co\  ered  with  the  adsorbed  substance.  Tliis  relationship  is  between  the  extent 
of  surface  and  the  amount  of  conipouiil  formed  and  is  not  stoichiometric  in  the 
proper  sense  of  the  word.  Tho  {imoiint  adsorbed  depends,  not  on  the  mass  of  the 
adsorbent^  hut  uu  its  state  of  subdivision,  or  its  shape. 

-  The  constituenta  of  living  cells  consist  largely  of  substances  in  tb«  colloidal 
state,  so  that  it  is  not  surprising  to  find  that  adsorption  compounds  are  fre<)uenily 
to  be  met  with  Hmon;^st  those  extnirtod  from  tlif\sc  cells.  Specially  interesting 
are  those  in  which  lecithin  is  one  of  the  components.  When  yolk  of  egg  is 
extracted  with  ether,  a  compound  of  lecithin  with  vitellin  goes  into  solution, 
altiioagh  vitellin  Itself  is  insoluble  in  ether.  Jecorin,  again,  a  complex  of  glucoie 
with  lecithin  and  albumin,  also  appears  to  Im>  an  adsorption  compound.  It  boas 
been  preparffl  hy  A.  Mayer  and  Tcrroine  (11)07)  by  niixiTr.^'  olutions  of  acid 
albumin,  lecithin  and  ;;liicose  all  in  dilute  alcolinl.  'i'iie  nu.vtuiv.  is  evaporated 
to  dryness,  extracted  with  ether,  and  pi-ecipitatcd  from  solution  by  absolute 
alcc^ol,  just  in  the  same  way  as  Drechsel's  original  preparation  from  the  liver. 
The  other  properties  of  this  artificial  jecorin  are  exactly  those  of  the  natoral 
one.  The  fad  tliat  shows  it  t<i  he  an  adsorjdiMTi  comyioun<1  is  fh:it  its  composition 
varies  with  tl>e  relative  proportion  of  the  constituents  of  tlie  mixture  from  whieh 
it  is  made.  Tt  has  been  claimed  that  jecorin  can,  by  repeated  precipitation  and 
redissolving,  be  obtained  of  constant  composition.  It  moMk  be  remembered,  how- 
over,  that  this  fact  does  not  exclude  adsorption.  For  one  thing,  if  the  whole 
of  the  constituents  are  precipitated  l>y  al>soluto  alcohol,  it  is  obvious  that  the 
precipitate  will  always  have  the  hjiuu»  composition.  Suppose  further  that  we 
take  electro  negativfe  paper  and  allow  it  to  ad.sorb  night-blue,  wliich  is  electro- 
positive. We  find  thatv  even  from  a  moderatdy  concentrated  solution  of  the 
dye,  practically  the  whole  is  taken  up;  so  little  is  left  that  it  would  escape 
detection  by  analysis  Suppose  that  we  dis.solve  this  stained  paper  and  re- 
precipitate  it ;  in  tiie  second  precipitation,  practically  the  whole  of  the  dje 
would  go  down  again  with  the  precipitate. 

Anothw  instructive  case  is  the  artificid  laocase  (an  oxidising  «u;yme)  prepared 
Donjr*H^nanlt  (1908)  by  alcoholic  precipitation  of  a  solution  containing  gum 
arabic,  manganese  formate,  and  sorlium  bicarbonate.    This  precipitate  can  be 
redissolved  in   water   and    reprecipitated   by  alcohol.     It  is  undoubtedly  an 
a<ls*>rption  compound  of  gum  with  colloidal  manganese  hydroxide.    When  the 
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gttin,  which  acts  as  a  protective  cuiioid,  ensuiing  fine  subdiviijiun  of  the 
mangMieBe,  in  the  way  to  be  deecribed  in  Uie  next  chapter,  is  thrown  down  hy 
alcohol,  it  carri^  with  it^  in  a  state  of  adRorption,  the  nangancfic. 

The  inorganic  shU^!,  iisuaHy  assiKiattd  with  proteins,  are  probably  atlsor'bed. 
The  law  oxprcHsin^  th''  way  in  which  they  are  removed  by  water  shows  that 
they  aro  not  merely  admixed,  while  the  fact  that  they  are  so  removed  shows 
that  chemical  oomlntiatioii  is  not  in  qnestion  (see  my  ioTestigation  of  gelatine, 
BaylisH,  1906,  pp.  179-185). 

Several  other  oompottods  in  which  adsorption  pkys  a  part  will  .be  discussed 
in  later  p;i'_'rs. 

It  u})pt-ar>s  to  be  held  by  koiuc  observers  that  many  of  these  adsorption  com- 
pounds,  especially  those  in  which  lecithin  occurs^  are  more  of  the  nature  of  aoiid 
mdutions.  The  ratio  in  which  their  constituents  stand  to  their  concentration  in 
the  reacting  mixture  poihts  rather  to  surface  conrlen^ntinn,  altlmu^jh  solid  solution 
cannot  be  entirely  exch^lfd.  Ixjewe  (1912,  pp.  '-Mfj  '2\^)  finrl  that  the  substances 
kn«jwa  as  "lipoids,"  of  wiiich  lecithin  is  an  example,  take  up  dyes,  hypnotics, 
and  tetanus  toxin  in  a  way  which  is  not  oompatible  with  the  solid  solution  views 
but  with  an  adsorption  process.  The  exponents  of  the  equations,  expressing  the 
relation  of  the  amount  taken  up  to  the  concentration  of  the  solutions,  are  not 
of  ciH'li  values  as  to  admit  of  the  int4'q)retation  of  distribution  between  phases 
iQ  unequal  propt)rtion.  Moreover,  when  nicotine  or  methylene  blue  in  solution  is 
allowed  to  remain  for  a  long  time  in  contact  with  lipoid  matter,  no  diffusion  is 
found  f»  take  place  into  the  interior  of  the  Iqwid.  It  appears,  therefore,  that  the 
action  is  a  surface  one. 

ADSORPTION  AS  CONTROLLING  CHEMICAL  ACTION 

That  adsorption  does  not  preclude  subsiujuent  true  chemical  combination  is 
obvious,  fio  €ir  is  this  the  case  thaty  in  numy  cases,  chemical  change  seems  to 
necessitate  preliminary  adsorption.    One  at  least  of  the  constituents  of  an 

adsorption  compound  possesses,  of  course,  a  surface,  either  the  ^  isi])le  one  r.f  such 
materials  as  paper,  roll  f^ranules,  and  various  fabrics  or  tissues,  or  the  ultra- 
microscopic  surfaces  ot  colloidal  particles.  Substances  in  such  states  of  aggregation 
are  naturally  inert,  as  far  as  oliemical  activitv  is  ooiKwmed,  so  tiial  when  the 
chemical  reaction  is  between  the  components  of  the  phase  possessing  the  surface 
and  the  adsorlxnl  substance,  it  is  to  be  expected  that  it       proceed  very  slowly. 

O.  (\  M.  DaviK  (H)07)  finrls  that  charconl  takes  up  i(xlinc  with  great  rapidity  up  to  a 
ctsitaia  poiut  of  apparent  cquilibiimn,  but  that,  if  the  componenta  are  allowed  to  remain 
together  for  a  longer  time,  a  very  slow  further  disappcaranoo  of  iodine  g(K-s  on.  The  first  part 
of  tho  prooeas  diffian,  as  would  m  expected,  aooonhn^  to  the  particular  kind  of  oharooal  used, 
since  the  mirfaccs  would  vary.  The  seoond  process  is  the  mme  for  Tarioiu  kinde  of  obarooal 
an<l  is  jiiterpret+H.l  by  Davi.M  hiniBolf  as  being  a  jwiHsugo  if  i  Mline  into  ihr  tnixsH  of  the  «»lid  ;  n 
■olid  BolutiuD,  in  fact.  It  is  snggesied  by  Frmmdlich  (1909,  P*  H^)  ^^^^  cheniiual  combination 
IB  WKom  pr^Ue,  sinoe  iodine  is  a  verv  reaetive  sobstanoe.  This  eaggestion  explains  why  the 
•seond  part  of  the  process  is  irreversibV-  nnd  does  not  vary  with  tho  kind  of  charcoal  used. 

It  is  prol)al)le  that  the  fixin;^  of  dyes  ctt  tissues  by  heat  is  due  to  chcinic-al 
CHfTibi nation.  When  Congo-red  is  taken  up  by  filter  pa|>er  in  the  aijsence  of 
electrolytes,  it  is  readily  washed  out  again.  But  if  raised  to  100°  it  bccomett 
fixed.   The  same  process  goes  on  slowly  at  ordinary  temperatares. 

There  are  two  classes  of  reactions  in  which  the  rate  of  chemical  combination 
is  controlled  by  adsorption.  The  first  is  wlu'n  tlie  two  reactin;^  substances  are 
cond'Mised  on  the  surface  of  a  third  and  combine  top^ether  there,  leaving  tho 
adsorbing  surface  in  the  end  unaltered.  This  process  is  one  of  those  that  wo 
shall  learn  later  to  call  "  catalytic.*'  Examples  of  such  reactions  are : — 

(1)  The  production  of  sulphuric  acid  under  the  influence  of  platinum,  in  which 
it  has  been  shown  by  Boden^trin  nnrl  Fink  (1907)  that  the  rate  of  the  reaction 
is  governed  by  the  adsorption  of  SO.,  on  the  surface  of  the  platinum. 

(2)  The  effect  of  platinum  on  the  reduction  of  titanic  sulphate  by  hydrogen 
(Denham,  1910). 

(3)  liie  decomposition  of  osone  by  heat  takes  place  on  the  walls  of  the 
containing  vend,  or  other  surface  present  (Perman  and  Oreaves,  1908). 
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The  second  class  of  cases  is  typified  by  that  of  a  colloidal  hydroxide  and 
ooUoidiil  acid,  as  described  above.  The  reactiiig  subetanoeB  mre  first  brought 
together  by  mutual  adsorption,  and  chemical  reaefcion  tlifin  follows  between  the 

whole  r>f  the  constitiionts  of  the  system.  A  very  similar  caso  described  by 
van  Bemmelen  (1910,  p.  486).  If  barium  hydroxide  solution  be  added  to  colloidal 
silica,  a  white  precipitate  falls,  which  is  found  to  contain  both  barium  hydroxide 
and  nlica,  but  not  in  cheaaical  combinatioou  On  standing,  barinm  silicate  Ib 
slowly  formed  and  crystallises.  Anotlicr  case  is  the  action  of  tannin  on  leather. 
According  to  Freundlicb  (1909,  p  r>.'?'„M,  the  amount  of  tannin  taken  up  is  con- 
ditioned by  au  adsorption  process,  which  is  then  followed  by  true  chemical 
reaction,  which  takes  place  slowly  and  results  in  the  formation  of  insoluble  bodies. 

Hie  fact  to  be  insisted  upon  in  these  cases  where  chemical  reaction  foUows 
adsorption  is  that  the  velocity  of  reaction,  as  affected  by  various  conditions)  does 
not  follow  the  Ihw  of  mass  action  in  its  usual  form.  Tlio  activo  nvins  here  is  the 
amount  adsorbed  on  the  surface,  so  that  the  reaction  as  a  wiiolo  will  be  observed 
to  follow  the  parabolic  law  off  adsorption.  The  systems  of  chief  interest  to  the 
physiologist  are  those  of  which  collaids  form  part.  Although  these  are  hetero- 
geneous systems,  the  internal  or  dispersed  phase  is  so  minutely  divided  and  evenly 
disbrilnited  that,  in  mmpHn'son  with  the  r}t*?f>s  investigated  by  N»'rnst,  the  rate  of 
diffusion  does  not  appear  to  play  so  important  a  part  We  shall  have  to  return  to 
this  aspect  of  the  qaestiott  when  treating  of  enzymes. 

This  is  perhaps  the  most  a|^ropriate  place  to  refer  to  some  cases  of  hiological 
interest  which  illnstrate  tibe  manner  in  which  adsorption  intervenes  in  a  Tarie^  of 

prOCCOBCB. 

1.  The  power  of  the  soil  in  holding  back  soluble  salts,  so  that  valuable  foods 
are  not  washed  'away  by  the  rain,  l^wn  by  the  experiment  with  sand  and 
pemuuiganate  solution  given  by  J.  J.  Thomson  (1888,^  p.  192). 

2.  Dr  Harriette  Chick  has  shown  (190n,  p.  247)  that  the  complex  organic 
substanceR,  which  arc  detrimental  to  the  nitrifying  organisms  in  the  filter  process 
of  sew^e  treatment,  are  kept  back  by  adsorption  in  the  upper  layers  of  tlie  filter  bed. 

3.  &e  action  of  cerUun  poteons  on  niioro4>K|(niu8iB8  has  been  found  to  bo 
proportional  to  the  amonnt  deposited  on  their  snrfaces  (H.  Homwits^  1909, 
pp.  317-322). 

4.  Craw  (1905)  has  shown  that  the  combination  between  toxin  and  antitoxin 
follows  more  closely  as  to  its  laws  the  phenomena  of  adsorption  than  those  of 
chemical  combination.  Perhaps  the  most  striking  fact  in  this  connection  is  tiie 
exphuiation  given  of  the  puzzling  phenomenim  of  Danysz  (1902),  who  found  that 

'  when  a  given  quantity  of  di{)htheria  toxin  was  nddod  in  fractions  t^  antitoxin, 
more  toxin  was  nentraltsod  than  wlien  the  sjinie  (luantity  was  iwlded  at  one  time. 

To  neolraliso  ricin,  the  toxic  substaitco  from  the  castor  bean,  it  was  found  that  less 
aatirioin  wm  neoe»f  ary  if  added  to  a  definite  amtNint  in  snooenive  quantities  than  if  sdded  all 

at  onoe.  And,  if  r  in  1*  .I'Idfd  in  separate  doeee  to  ft  definite  ain  Mint  of  antin- in,  tin  ^amo 
amount  of  ricin  requires  more  iiiiliricin  to  neutralise  it  l)mii  if  the  wh<)le  is  added  at  one  time. 

This  phenomenon  also  takes  place  when  paper  adsorbs  C'on^o  rod  (l^ayliss,  I'JOU, 
p.  222).  The  cxplanatiuii  is  Utat  the  same  amount  of  adsorbent  will  take  up 
reUtttvely  more  from  a  dilute  solvtion  than  from  a  more  concentrated  one. 

5.  In  the  taking  up  of  bacilli  by  leucocytes  under  the  influcme  of  a  sensitising 
fluid  (so-calle<l  "opsonin"),  it  was  found  by  T/'din-hain  (1912,  p.  359)  that  the 
two  j'ii>resses  iM\()lved  both  foUowetl  the  course  of  an  a<ist>i"ption  prcK-ess.  nieso 
two  jwirt  s  of  the  phenomenon  are  (1)  tlie  taking  up  of  "  t»ps<min  "  by  the  Imcilli,  and 
(2)  the  ingi'stion  by  the  leucocytes  of  the  micro-organisms  thns  ''sensitised.** 

6.  When  the  toxin  of  tetanus  is  introduced  into  a  nerve  trunk  of  »  warm- 
blooded animal,  it  is  carrieil  up  to  the  rmtral  norvotis  system  and  proiluces 
convulsions  h^  Him  course.  If  the  same  e\[)eriment  be  performed  on  a  frog  at 
8°  C.  it  was  found  by  Morgenroth  (1900)  that  although  taken  up  by  the  nervous 
q^stem,  no  convulsions  were  produced  until  the  animal  was  warmed  to  a  tem* 
perature  of  about  20'  C.  This  is  evidently  a  similar  ciise  to  that  of  the  Congo* 
red  acid  and  thorium  hydroxfd(>  desoribt^d  above.  The  toxin,  althou-rh  adsorbed, 
exerts  no  action  until  chemical  reaction  of  some  kind  takes  place  on  warming. 
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7.  The  rate  of  action  of  eozymes  is  oontroUed  by  adaorption,  bnt  fuH  diseoBBioii 
will  be  more  conveiiieiitly  defemd  liiitil  l«tor. 

8.  VVlien  the  protoplasmic  contents  of  a  ciliate  infusorian  or  the  root  hair 
of  a  plant  are  prosspfl  out  into  water,  a  membrane  is  at  onof*  formed  on  the  free 
surface  of  the  protoplasm.  This  fact  has  been  described  by  Kuhae  (1864,  p.  39) 
and  by  Pfeifer  (1897,  i.  pp.  92,  93).  The  natnio  of  this  membrane  will  bo 
diacaased  in  Chapter  V.,  and  it  will  suffice  to  call  attontioii  to  it  here  as  being 
undoubtedly  due  to  torlace  ooneeDtraUoii  oeU-oooatitaentB  which  lower  sorface 
energy. 

9.  The  blue  substance  formed  by  the  action  of  iodiue  on  starch  has  long  bet>n 
familiar,  but  its  nature  as  an  adsorption  oomponnd  haa  only  recently  (1912) 
been  made  dear  by  the  work  of  Bai^r  and  Fidd  (1912).  They  also  show  that 
rimilar  blue  compounds  are  formed  by  substances  of  very  Yaried  chemical  nature 
aueh  as  saponurin,  rholalic  acid,  and  lanthanum  acetjito.  ^ 

10.  That  powertul  action  on  cell  process  can  be  exerted  by  substances 
which  do  not  penetrate  beyond  the  snrfaoe  of  the  oeU  ia  ahown  by  a  veiy 
intereatiiii;  experiment  of  Warbufg  (1910,  pp.  310,  311,  313).  •  The  oxygen 
consumption  of  the  fertiliaed  egga  of  a  sea-urchin  in  an  artificial  sea-water  is 
doubled  by  tho  addition  of  10  c.c.  of  decinorinal  swliura  hydrftxido  1  litre 
of  the  sea-water,  tlie  development  being,  at  the  same  tim^  stopped.  If  the 
cells  are  stained  previously  with  neotnil  red,  which  does  not  aflfect  their  develop- 
ment, no  diange  of  colour  takes  place  on  addition  of  sodium  hydroxide ;  whereaa 
with  ammonia,  to  which  the  cell  membrane  is  permeable,  the  cells  become  yellow 
in  leas  than  one  minute.  Athoiigh  uninjfirf^d  by  tlio  f  oncontration  of  ammonia 
used,  the  oxygen  consumption  is  only  incieased  by  lU  per  cent,  instead  of  the 
100  per  oent.  when  tlie  H*  ion  concentration  ia  ehanged  only  at  the  aurfaoa, 

THB  CX)NDmON  OP  ADSOTIBED  MATERIAL 

There  is  one  point  that  it  is  of  .some  importance  to  understaiul  clearly.  When 
an  electrolyte,  say  acetic  acid,  is  adsorbed  by  charcoal,  it  is  fixed  for  tho  time  on 
the  aurfaoe.  By  this  atatement  it  ia  not  meant  to  imply  that  the  aame  identical 
mole<MiIt'.H  remain  in  the  aame  pta<*e,  l)ut  that  a  certain  |Wt^>ortion  of  th(>  acid  is 
taken  out  of  s«)luti<>ii  ^nd  cannot  t  iko  part  in  such  properties  as  tin*  ch^.trical 
conductivity  or  the  usimotic  pressure  ot  the  system.  A  mixture  of  acetic  acid  and 
charcoal  has  the  electrical  confluctivity  of  the  liquid  phase  alone.  Similarly,  when 
the  partidea  of  the  adaorboit  are  too  large  to  give  an  oamotie  preaanre  (see 
Chapter  Y.),  the  osmotic  pressure  of  the  system  is  due  only  to  the  solution.  The 
adsorption  rotupound  of  eharcrtal  plus  ftcftic.  acid,  or  otln-r  adsoilied  electrrtlyte, 
has  no  higher  uMuiutic  pressure  nor  conductivity  than  the  charcoal  itself.  iSome 
obaervers  are  inclined  to  attribute,  incorrectly,  the  osmotic  preaanre  undoobtedly 
abown  by  certain  colloidal  aolntiona  to  adaorbed  eleetrolytea  or  erystattoida. 

In  the  shite  of  adsorption,  aalta,  not  being  electroly^eally  dissociated,  give 
nonf«  of  their  charartin  ist  ie  reactiona.   Iron,  for  example^  ia  in  what  ia  aometiroea 

call«Ml  a  "  jimnkrd  "  conditifin. 

• 

Kuer  (I'-XJoj  faund  that  when  chluridoa  aro  adsorbed  by  colloidal  aiiroonium  hydroxide,  no 
reaction  with  silver  nitrate  is  ^ven.  Tho  preflenoe  uf  ( hlurine  in  colloidal  ferric  hydroxide  can 
only  \m  dutficted  by  traiisfnmnng  tho  colloidil  solution  into  a  tme  lolatioii  by  means  of  nitcio 

a<-iii,  that  iis,  hy  abolition  of  the  adMurhiiig  surface. 

On  the  other  hand,  it  must  not  bo  forgotten  that  otisoriied  substances  are  only 
fixed  aa  long  as  the  solution  with  which  they  aro  in  equilibrium  remaina  of  the 
aame  oonoentration,  which  may,  however,  be  very  low.  Nevertheleaa,  by  repeated 
washing,  practically  the  whole  of  the  adsorbed  matter  may  be  removecf,  although 
an  infinite'  niind>f^r  of  changes  of  water  in  thoofPtieallv  necessary.  If  charc<»al 
which  lias  adsorbed  sugar  be  placed  inside  au  osmometer,  whose  membrane  is 
permeable  to  water  and  sugar,  but  not  to  charcoal,  sugar  will  pass  out  to  water 
on  the  ontaide,  and  by  repeated  clumgea  of  thia  water  the  angar  can  be  almort 
entirely  removed  from  the  charcoal  inside.  Substances  merely  adsorbetl  cannot 
be  prevented  from  eacape  to  water;  in  order  that  they  ahall  not  do  ao,  they  moat 
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be  in  a  staAe  of  non-diBsociable  ehemieal  oombumtioii  with  the  aabetance  to  whieh 
the  membianc  is  impermeable.  Mauy  substanceSi  mieh  u  many  dyes,  mtist  be 
solid  in  the  adsorbed  state  (see  Willows  and  Hatschek,  1916,  p.  47}* 

ADSORPTION  FROM  MIXTrilEJ^ 

When  adsorption  takes  place  from  a  mixture,  all  solutes  are  taken  up  and  in 
definite  reUtive  proportions^  Not  only  so,  but,  as  Williams  (1913),  working  in  the 
laboratory  of  Arrhonins,  has  pointed  out,  the  solvent  its<  lf  is  ccodensed  on  the 
surface.  This  leads  to  a  complex  state  of  affairs,  which  has  not  yet  been  worked 
out  completely.  As  we  shall  see  later,  the  facts  have  an  important  bearing  OH 
the  state  of  equilibrium  arrived  at  under  the  action  of  enzymes. 

If  a  surfsoe  which  has  adsorbed  a  particnlar  snbstaiMse  oe  exposed  to  a  solution 
of  another  one  which  has  a  greater  power  of  lowering  snrfiuie  energy  than  the  first, 
theiw  is  a  more  or  less  complete  displacesoent  of  the  less  powerful  one  by  the  other. 

This  is  shown  in  an  inten*<<trng  way  in  the  experiments  of  Schmidt  Nielsen  (1910,  p.  342). 
When  rennet  is  shaken  u[)  in  stuutioo,  it  is  more  or  less  inactivated  by  adsorption  on  the 
surface  of  the  f^th  pmlucad.  Tliia  inactivation  is  completely  absent  if  a  little  saponin  be 
added,  although  the  foam  is  even  greater  than  before.  Saponin,  iti  fact,  lowers  surface 
energy  more  than  does  rennet,  hence  it  obtains  posaesaion  of  the  surface.  The  same  fact  is 
■eeo  in  the  driving  out  of  renmi  from  its  adisorpttea  by  charcoal  in  the  experimeoto  of 
J^inson-Blohm  (1012).  Charcoal  added  to  rennet  prevents  its  action  on  milk  (acting  as  an 
anti-enzyme),  but,  if  saponin  be  added  to  snch  an  inactive  mixture,  it  becomes  active  owing 
to  the  driving  «ifi  by  thu  .saponin  of  the  rennet  from  its  "combination  with  the  antibody." 

This  faot,  that  one  Hubstanoe  can  displace  another  from  adsorption,  is  of  importaiMse  with 
rcapeot  to  the  taming  out  of  oijgeD  from  oxyhemoglobin  by  expoauie  to  osrbon  monoxide 
(we  Chapter  XXL). 

DYETNG  AXD  STAINING 

Many  facts  have  b^n  nientioued  iu  the  prectMiing  pages  wljich  indicate  tho 
important  part  that  surface  action,  or  adsorption,  must  play  in  these  processes,  as 
well  as  the  probability  that  obemical  reaction  may,  in  many  cases,  follow  it^ 
althongh  adsorption  is  the  eonttolling  factor. 

Weber  (1891)  finds  that  the  amount  uf  dye  taken  up  by  cellulose  is  in  proportion  to  the 
extent  of  saHaoe  presented  by  the  latter.  Precipitated  eeUaloee  takes  up  more  than  does  an 
equal  weight  of-oamuressed  paper.  DinitrooeUolrase,  ireahlj  preeipitated,  adsorbs  in  about  the 
same  degree  as  oimnaiy  oellulose}  but  in  the  form  of  a  ooherent  film  little  or  mme  is 
taken  up. 

In  discussions  on  the  subject  of  staining,  the  use  of  the  names  "ione"  and 
"fi<  i(/)('"  is  li/ibl(^  \o  lead  to  some  misconception.  With  one  or  two  exceptions, 
all  dyes  are  neutral  salts;  the  distinction  is  that  the  so-called  "basic ''dyes  are 
salts  of  an  organic  coloured  base  with  an  inorganic  acid,  usually  hydrochlorie, 
although  Bometimes  salts  with  acetie  acid  are  met  with.  The  "  acid  "  dyes,  on  the 
other  band,  are  salts  of  a  coloured  ocganio  acid  with  an  inoiganio  hue,  usually 
sodium. 

Bearin:^'  this  fact  in  mind,  it  is  clear  that,  if  a  "basic"  dye  stains  a  parti- 
cular cell  cunatituent,  it  does  not  directly  follow  that  this  constituent  is  an  acid. 
If  such,  it  must  be  a  stronger  add  than  that  combined  with  the  colour  base 
of  tin  live,  usually  hydrochloric.  Double  decomposition  may  occur,  of  course, 
if  Uio  cell  con8titu»ni«^  in  question  is  a  salt.  This  will  be  more  complet**  the 
loss  soluble  the  coni|>uuud  between  dye  and  tissue  is.  Similar  statements 
apply,  muUUii  mtUandin^  to  *'aeidic"  dyes.  Since  most  of  the  staining  bodies 
in  cells  are  oolloida  and  with  negative  charges,  it  ia  easy  to  understand  why 
dectro-positive  dyes,  such  as  many  of  the  "  basic  "  ones  are,  shoulrl  be  adsorbed. 
It  is  al«Mj  suggestive  that  hiemoglobin,  one  of  the  few  eloctn ^positive  colloids 
of  the  organism  (Iscovesco,  1906),  takes  up  "acid"  dyes,  such  as  eosin  and 
acid  fuclisin.  Moreover,  ^dien  me  dye  salts  are  electmlytioally  dissociated, 
as  in  most  oases^  the  positive  ion  is  the  coloured!  one  in  the  "  basic "  dyes,  and 
will  be  taken  up  by  negative  surfaces,  while  the  negative  ion  of  the  "acid" 
dyes  will  be  tnk»Mi  \}y  bv  (he  positive  surfaces.  Th»'  ")»;isie"  dves  are  frequently 
hydrolytically  di^iiitxmted,  with  formation  of  electro  ponitive  free  bases  in  (he 
(X)lloidid  state. 
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Them  are  some  more  facto  of  interest,  tending  to  show  tho  {j^reat  iinportdnec  of  the 
deotrioftl  charge  of  the  surface.  Gee  and  Harrisoii  (see  \Villiam  Harrison,  101 1,  p-  6  of 
reprint)  foand  that  the  tnaxiuiuui  negative  oharge  of  ootton,  wool,  and  silk  was  at  a  tempera- 
tiartiof  40"  O.  Brown  (1M)1,  p.  92)1um1  previousljr  shown  i^t  the  muumum  •daorptioo  ol 
"Ixwic  "  (electro- positive)  dvos  by  wool  took  place' at  the  same  temperatnre. 

i-'iri  (1911.  y>  ;i,lsu  showed  that  iM,iti>ri  tteated  in  various  wavs,  nitrated, 
meroeriaed,  aud  so  oa,  had  a  oouUUit  potential  difference  against  dilate  sodium  ohlorido  which 
dilfend  oonsiderably  in  amount  aooocding  to  tb*  tr«*tin«nt,  ftlUwngh  tlie  ohaxgv  yn»  alwava 
negative.  The  amount  of  "ftoid'*  (setootro-iMgBtivtt)  dye  adMnrbed  wu  panllel  with  the 
dtcreoM  in  the  charge. 

That  the  defKwition  of  an  electro-poeitive  dye  on  a  ne^tive  surface  reenlte  in  a  lowering  of 
the  charge  on  this  surface  is  shown  h}'  nn  cTpcnmrnt  nf  Larguicr  dcs  Banccla  (1909).  The 
charge  on  w(miI,  an  measured  by  the  nunii>er  ut  iiiup.s  uf  water  transferred  from  one  electrode 
to  the  other,  in  an  apparatus  similar  to  tliat  of  Perrin  (1904,  p.  610)i  in  a  given  timewu 
iwpreeenled  bjr  77.  Alter  staining  with  methyleoe  blue,  the  namber  was  redu<^  to  1%, 

The  very  marked  effect  of  electrolytes  in  altering  the  charge  on  surfaoea 
has  l>e€»n  frequently  roferretl  to,  as  .ilsn  tim  fart  tliat  electro  negative  sub-stances 
are  scarcely  adsorbed  at  all  by  electro  n^ati\  e  surfaces,  lu  order  that  this 
adflcurption  may  take  place,  the  surface  mujst  be  discharged,  or  the  amount 
of  ito  charj^e  leasened,  by  the  action  of  an  ion  of  opposite  aign.  That  very 
small  quantities  of  an  appropriate  ion  suffice  is  well  shown  by  an  experimrat 
of  Elis-safoff  (1912,  p.  404),  wlios©  work  will  be  refernn!  to  in  mon'  dftail  in 
-the  chapter  on  "The  Colloidal  State."  0-2  mgm.  of  thorium  nitrate  per  litre 
lowered  the  charge  on  the  surface  of  a  quartz  capillary  by  50  per  cent. 

The  absence  of  staining  by  "  add  dyes  in  the  abeenoe  of  electrolytes  explains 
why  fresh  teased  nerve  fibres  of  the  frog  only  stain  with  Congo-red  at  their 
cut  ends,  where,  according  to  Macdonald  (1905,  p.  eleotn>lyte'«  ju'e  set 

free.  Emil  Mayr  (1906,  p.  560)  finds  that  the  adinity  of  Nibsl  bodies  in 
nerve  cells  for  "  basic "  dyes  is  reduced  by  previous  treatment  with  neutral 
aaite.  This  fact  also  is  in  a|p«ement  with  uie  doctrine  of  cAectrical  adsorption. 
The  Nisd  bodies  have,  in  all  probability,  a  negative  chaige;  this  charge  wronld 
l>e  diminislied  by  cations,  niid  hence  the  attraction  for  positive  suostanoes^ 
like  the  "basic"  dyes,  would  be  also  diminished. 

TMsregaitl  of  this  action  of  cluctrolv  t<'8  ha«  led  to  oertiiin  erroneous  atat-t'nientH  with  ri'L'  iT"'! 
to  dyes.  It  is  to  be  rciueiubercd  that  c'lniinercial  specimens  almost  invariably  contain  a  Uirgo 
percentage  of  salts,  frequently  as  much  as  20  to  30  per  cent,  of  sodium  chloride  or  sulphate, 
ansing  from  the  mode  of  preparation.  When  it  is  stiid  that  CTongo  red  is  a  "direct"  dve  for 
ootton,  the  statement  only  applies  to  the  commercial  dye,  with  its  content  of  salts.  When 
a^Lsorption,  moreover,  tak»3s  place  under  the  influence  of  electrolytes,  it  is,  as  a  rule,  "  fa.sler," 
that  is,  not  so  easily  removed  V>y  the  action  of  water,  than  when  it  takes  plaoe  io  their 
abeenoe.    l%tv^ppltee  more  especially  to  the  eteotro  negative  dyes. 

Ccrt-ain  facts  described  ;h  "anomalous  adsorption"  (BiltX,  1910)  will  slso  be  foond  tO  be 
explained  by  the  presence  <>t  electrolytes  (BayliMK,  1911,  3). 

F<nr  many  purpoees  it  is  neoesssry  to  have  pure  dyM.  The  following  method,  due  to 
Harrison  (1911,  p.  17),  may  be  recommended.  It  depends  on  the  displacement  of  the  non- 
volatile salts,  present  as  impurity,  by  a  volatile  one.  The  dve  iu  concentrated  solutiun  is 
precipitated  by  saturation  with  ammonium  carbonate  ("  sal  tea  out"),  rodisaolved  in  water, 
and  again  salt<Hl  out.  After  washinL'  with  a  sattimt«<l  solution  of  ammonium 
precipitate  is  dried  at  110*  C,  when  all  tlio  ammonium  carbojiate  is  driven  off. 

A  curious  fact  was  not*^<1  hy  Freuiullieh  and  Tiom-v  (1007,  pp.  311,  312): 
When  an  *'  acid  "  dye  is  adsorbed,  the  whole  of  the  molecule  is  taken  up.  When 
a  '* basic"  dye  is  adsorbed,  the  positive  coloured  ion  only  is  takm  up*  leaving 
the  add.  Satisfactory  explanation  of  these  facts  is  not  at  present  at  hand  (see 
Treundlich  and  Neumann,  1909).  There  are,  however,  two  facts  to  be  remembered 
in  this  eonfiection.  The  "acid"  dyes  are,  as  a  rule,  sodium  salts  of  strong 
(sulphonic)  acids  and  are  very  little,  if  at  all,  hydrolysed  in  solution,  but 
electrolytically  dissociated  to  a  considerable  degree.  The  anion,  containing  a 
large  number  of  atoms,  seems  to  behave  as  a  colloid  and  has,  of  course,  a  negative 
charge.  The  "  basic  "  dyes,  on  the  other  hand,  are  salts  of  a  rather  feeble  organic 
colour  bAs<»  with  a  strong  acid  an^l  are  hydrolysed  in  solution.  The  free  base  is 
insoluble,  in  the  ortlinary  sense,  buX  forms  a  colloidal  solution,  the  particles  having 
a  positive  chai^  The  Dehavioiir  of  the  two  dasses  may  perhaps  depend  in  some 
way  on  this  di&renoe  in  mode  of  dissociation. 
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PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


SUMMARY 

The  snrface  of  contact  between  a  liquid  and  another  phase—  sfil id,  immiscible 
liquid,  or  ga.s — has  properties  differinj*  from  those  of  the  main  body  of  either  pha.se. 

In  the  first  place,  the  surface  jGim  behaves  as  if  stretched,  so  that  it  is  the  seat 

of  a  special  kind  of  energy. 

Tiiis  surface  tension  has  its  origin  in  tho  forces  of  attraction  between  the 
moleottlea  of  the  liquid,  the  fbroea  whk^  give  riie  to  the  internal  {weasnre  of 
lAplaca 

Hie  amount  of  tbia  sttrfiace  energy  variea  with  the  chemical  nature  of  the 
liquid. 

All  solutes,  with  tlie  exception  of  certain  inorganic  salts,  lower  the  surface 
tension  at  the  interface  between  liquid  and  air;  these  partioolar  salts  do  so  at 

tlie  interface  between  liquids. 

The  interface  between  phases  is  also  nearly  always  the  seat  of  electrical  forces, 
the  origin  of  which  is  usually  froui  electrolytic  dissociation  in  one  or  other  of  tlie 
phases.  But-  the  possibility  of  phenomena  akin  to  those  of  frictional  electriciiy 
cannot  as  yet  be  definitdy  excluded. 

Solubility  is  also  changed  in  the  surface  film. 

Since  any  process  that  diminishes  free  enra^  tends  to  occur,  a  solute  will  bf> 

found  in  hi  jier.concentration  in  the  surfa<%  film  than  in  the  body  of  tho  liquid 

if  it  h  is  tlie  power  of  roducina^  surface  enerjjfy.    By  this  meMfW,  a  greater  fall  in 

surface  energy  is  ensured.    (Princi}»le  of  Willard  Gibhs.) 

Til  is  surface  condensation  is  known  as  '*  atlsorption  "  and  jilavs  an  important 
part  in  physiological  phenomena.  The  surface  energy  spoken  ot  in  the  previous 
statement  of  the  Gibbe  principle  may  be  of  many  kinds,  mechanical,  electrical, 
chemical,  etc. 

In  certain  cases,  surface  concentration  leads  to  the  formation  el  a  more  or 
less  rigid  film,  as,  for  example,  with  siiponin  or  proteins  (Bamsden), 

When  a  solute  has  an  electr  ical  charge,  either  as  an  ion  or  a.s  a  colloidal 
particle,  and  the  .surface  in  contact  with  tho  solution  has  also  a  char<^e,  the 
degree  of  adsorption  depends  ou  the  relative  sign  of  the  two  charges  ;  no  decrease 
of  free  eneigy  wwM  be  produced  by  adsorption  of  a  natively  charged  substance 
on  a  similarly  charged  surface^  but  the  reverse.  On  the  other  hand,  adsorption 
of  an  oppositely  charged  substance  leads,  by  neutralisation  ol  i^aige^  to 
decrease  of  free  energy. 

If  the  surface  lian  no  char^  while  the  adsorption  of  an  electrically  charged 
ion  would  lead  to  diminution  of  mechanical  surface  energy,  such  adsorption  will 
take  place  and  cause  the  .'ip)iearanoe  of  an  eleetrical  char^  on  the  surface. 

Adsorption  of  a  siiuUariy  uiiarged  ion  or  coWuui  can  be  increased  by  reversing 
the  sign  of  the  charge  on  the  surface  by  allowing  it  previously  to  adsorb  ions 
of  sign  opposite  to  itaell  If  the  surface  and  the  solute  have  already  opposite 
signs,  it  is  clear  that  previous  adsorption  by  the  suiiace  of  an  opposite  cluuge 
will  decrease  subsequent  adsorption  of  tho  particular  solute. 

These  plicnomena  of  electrical  ad.sorption  play  a  oonsiderable  part  in  the 

proce.sses  (A  dyeing  and  of  histological  staining. 

Chemical  leactions  which  lower  chemical  potential  are  also  favoured  at 
a  surface.  Tlio  rate  of  such  reactions  is  not  controlled  by  tho  total  mass  of  the 
reagents,  as  in  true  solution,  but  by  the  ext<?nt  of  active  surface.  The  law  of 
mass  action,  in  its  simple  form,  does  not  apply  quantitatively,  since  the  surfiuse 
of  one  or  both  of  the  reagents  has  to  he  taken  into  account 

There  is  some  evidence  that  the  chemical  configuration  of  the  surboe  may 
|day  a  part  in  adsorption  and  lead  to  the  appearance  of  specific"  aotion.  But 
the  question  needs  further  investigation. 
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The  rate  at  wfiich  ariwirption  takes  place,  when  the  components  are  already 
■{iproximated,  appears  to  be  very  rapid,  although  not  instantaneoiui.  On  the 
Other  hand,  when  the  substance  to  be  adiaorbed  has  to  diffuse  from  distant  parts 
of  the  intern,  the  rate  will  be  controlled  by  diffiiflion  and  tjierefore  aooelemted 
faj  riae  ox  tempentnie. 

The  total  amoont  adsorbed  in  equilibrium  is  Usm  the  higher  the  temperature. 
Tlie  process,  by  the  "principle  of  mobile  equiUbriam,''  isi  therefore,  aasociated 
witli  the  production  of  heat. 

Tlie  notatliematipal  form  of  the  expression  relating  concentration  with  amount 
adsorbed  is  a  chaiai  I  eristic  one  and  Ix'longs  to  the  parabolic  family. 

Adsorption  canuut  be  oompleteiy  or  satisfactorily  explained  by  chemical  com- 
bination, nor  by  partition  between  phases,  in  acoordance  with  teutive  tolnbility, 
sinoe  impoaaible  assumptions  have  to  be  made  as  regards  molecalar  association,  etc. 

A  daas  of  oomponnds  ezEsts  in  which,  as  ^wn  by  various  facta,  the  oon- 
■titaesits  are  not  dmnically  combined.  Thk  ia  shown  especially  by  the  depend- 
ence of  their  eoiriposition  on  the  relative  coneentratioTi  of  tlie  suKstniuM's  from 
which  they  are  produced.  This  class  of  oompi»undti  i&  satisfactorily  explained  by 
adsorption. 

In  home  of  these  adsorption-compound«i  the  con^itituents  can  be  shown  to  be 
present^  aide  by  side^  but  nncombined. 

Since  the  rate  of  chemical  action  depends  on  the  concentration  of  the  reagents 
it  ia  plain  that  when  a  snbatance  is  capable  of  reacting  with  a  second  one,  which 

is  present  as  a  separate  phase,  particles  or  drops,  for  example,  the  rate  of  reaction 
will  depend  on  the  amount  of  the  one  adsorbefi  on  the  surface  of  the  second. 
Similarly,  if  two  substances,  capable  of  reacting  with  each  other,  are  both  adsorbed 
cm  the  anrfsce  d  a  third,  with  which  they  do  not  combine,  their  rate  of  reai4ion 
witii  each  other  will  be  accelerated  by  the  increased  concentration,  or  molecttlar 
approximation,  due  to  adsorption. 

A  number  of  cases  are  given  where  adsorption  plays  a  controlling  part  in 
phenomena  of  physiological  interest. 

Salts  when  adsorbed  are  not  elect  mlytically  dissf wilted  and  do  not  therefore 
give  their  charaot^'ristic  reactions,  neitlier  can  they  U;  usmolically  active. 

A  8ub.stance  which  lowers  surface  ener^'y  more  than  a  m3<x>nd  one  does  will 
drive  off  this  latter  from  adHorption  on  a  surface,  at  the  same  time  taking  its  place 
thereon. 

From  a  mixture^  all  constituents,  including  the  solvent,  are  condensed  on  a 
surface  and  in  definite  proportions. 

Ad??orption  plays  a  larije  part  in  the  phenomena  of  dyeint;  anrl  st^inin;?  ;  most, 
if  not  all,  of  the  facto  can  be  explained  on  thi^  basis;  although,  in  all  probability, 
chemical  reaction  sometimes  follows  adsorption,  the  rate  of  this  reaction  being 
controlled  by  the  amoont  adsorbed. 
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CHAPTER  IV 
THE  COLLOIDAL  STATE 

Ir  wo  fake  a  piece  of  metallic  gold,  immerse  it  in  wat^r,  and  rlivide  it  ap  into 
smaller  and  smaller  parts,  it  is  ohviouH  that  in  the  end,  supposing  tliat  our 

S>wer8  uf  manipulation  were  adequate,  we  ahould  arrive  at  the  molecular  condition, 
ot^  before  this  aUte  is  reached,  we  should  liaVe  passed  through  a  state  in  which  the 
particles  were  so  line  to  be  inviaiblei  as  such,  by  ordinary  means  of  illuininai- 
tion  ;  anrl  they  would  reniain  in  permanent  suspension,  so  as  to  simulate  very 
clowely  a  true  solution,  in  wliieh  tin'  Huhstanee  dissolved  is  in  the  mrjlecular,  or 
even  ionic  state.  In  the  course  uf  this  process  of  division,  the  lai^er  fragmentji 
of  gcUd  of  the  early  stages  sink  at  once,  after  being  stirred  up,  bnt  as  smaller 
and  smaller  pariieles  are  formed,  the  time  taken  to  fall  becomes  longer  and 
longer,  until,  when  less  than  a  certain  size,  they  do  not  appear  to  sink  at  all. 
They  are  now  in  what  is  calleti  the  coUoicUt/  state**  Their  dimensions  at  this 
stage  are  enorniuusly  greater  than  those  of  molecules  of  gold,  but  it  is  clear  that 
we  can  draw  no  definite  lines  of  demarcation  between  the  Tisible  solid  Inmp,  from 
which  we  started,  the  oolkndal  state  and  the  final  molecular  state. 

We  cannot,  of  course,  actually  perform  the  operation  in  the  manner  described. 
In  an  indiivct  way,  however,  it  was  done  l^v  Farmlay  (185S,  p.  159),  who  found 
that,  by  acting  on  solutions  of  gold  salts  hy  retlueiag  agentii,  beautiful  red  or 
purple  solutions  were  obtained.  He  also  showed  that  these  solutions,  although 
permanent^  were,  in  reality,  suspensions  of  minnte  particles  of  metallic  gold 
(p.  160  of  the  ab^ivo  paper).  It  is  interesting  to  note  that  one  ol  Fanulay*s  gold 
preparations  is  still  preserved  in  the  Royal  InstitutioiL 

Sine*'  those  gold  gnlntionft  liave  ««TVf!<l  as  the  foundation  for  IBIidh  8ubi»ei|nonf  work,  tViP 
metluKi  uf  prenaring  them  is  worth  duscripliun.  The  ruby-red  SOlatiOQ  ia  nuulu  thus,  ia  tb«> 
wonlii  of  Karauay  himself  (1858,  p.  159) :  "  If  a  pint  or  two  tsi  the  weak  solution  of  sold  beiforo 
di'^^frilMxl "  {i.t.,  ,il>c>nt  '2  grains  of  cold  chloridi'  in  two  or  throe  yiiit'^  of  water)  "Vto  put  into 
a  /  '/  clean  gloas  bottle,  a  drop  oi  the  solution  ot  phu«phorua  in  Hulphido  uf  mrbun  iuluud,  and 
th<'  whole  well  shaken  together,  it  immediately  changes  in  appearance,  In'ootm^ji  red,  and  being 
U  ft  for  nix  to  twplve  hours,  forms  the  ruby  fluid  reciuired  ;  loo  much  sulphide  and  phosphorus 
fihuuUi  not  be  iwicied,  for  tlu)  reduced  gold  then  tends  to  clot  ahout  the  jwrtiuna  which  sink  to 
the  iKjttoni."  Zsigmondy  (1905,  pp.  97-101)  finds  that  the  method  is  improved  by  the  aAlditioa 
of  potawiium  carlMmato,  in  onler  to  neutrali^j  the  free  acid  protluofd  in  tho  reaction  ;  he  also 
gives  other  useful  liints,  pointing  out  the  iinjtoitanoe  of  pure  water  and  Jt.'ua  gla^a  vessels; 
the  absence  of  colloidal  matter  frtm  the  water  used  appears  to  bo  especially  neoesAary  if 
oiiiform  results  are  to  be  ot)tained.  The  necessity  of  cleanliness  was  woil  koowii  to  Faraday 
himself,  although  at  that  time  the  prrjporties  of  colloids  were  unknown. 

A  beautiful  deep  blue  solution  of  gold  can  be  made  by  reduction  with  hydrazine  hydrate 
(Gutbter,  quoted  by  Svedbers,  1909,  i.  p.  10).  Gold  chloride  0*1  per  cent,  ia  neulraliaod  by 
•odium  oarbonata  and  vipry  ailute  hydradiie  hydrate  (one  part  in  4,000  of  water)  added  drop 
by  drop,  carefully  avoiding  exoess. 

How  do  we  Imow  that  we  have  to  do  with  suspraded  solid  particles  in  these 

preparations  ^   They  are  quite  transparent  to  light  of  ordinary  Intmaity,  although 

this  does  not  apply  to  all  colloitlal  solutions  ;  whore  the  pRrt)<  lo8  are  lai^r  the 
solutions  are  turbid,  and  their  appearance  stit;;ij;oslH  their  natuio.  Even  the  tnmt 
transparent  gold  preparations,  however,  wei*e  found  by  Fiiraday  to  show  turbidity 
in  the  track  of  a  powerful  beam  of  li^t.  This  observation  forms  the  foundation 
of  the  nltm-microsi  ope,  to  be  described  later.  It  is  frequently  called  the  "  Tyndall- 
phenomenon,"  but  its  discovery  was  n  ally  iii.ulo  by  Faraday  (1858,  p.  160). 
Xyndall  pointed  out  tliat  the  light  rotlected,  or  ratlier  diffracted,  from  Uie  path 
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of  the  ;it]i  is  polarued,  a  fnct  which  proves  that  the  particles  are  of  fhe  nine 
order  of  dimensions  as  the  mean  wave  length  of  the  light  used. 

A  furtlier  |»n>ftf  that  we  have  to  do  with  suspend^  particli*«  is  j^iven  by  FiicMcnthul  (1913). 
By  power! ul  C43ntriiugal  force,  he  has  neparated  several  ocilloids  from  solution,  caseinogen  from 
milk,  for  example.  Iodised  starch,  mixod  with  non-iodisad,  oonld  be  Mpamt«d  from  the 
latter,  (»wii)g  to  its  greater  weight. 

The  colloidal  state,  then,  is  of  the  nature  of  a  hotero«T:»*tH><)us  system,  or  a 
system  of  luore  tlian  one  separate  phase.  The  point  ot  iiii£>oitance  to  bo 
reoiembered  is  diat  the  phaaes  of  which  the  system  oonsists  are  scnparated  from 
one  aooiher  by  surfaoes,  intorfaoea,  of  oontaot.  The  colloidal  state  differs  from  a 
ooarnely  hetei'ogeneous  system,  such  as  a  mass  of  gold  immersed  in  water,  in  that 
it  is,  U^  ordinary  observation,  homogeneous,  and  only  shows  its  mi«  i  o  liotorogotieous 
characier  by  special  metJiods  of  .investigation.  Ou  the  other  hand,  it  is  dis- 
tinguished from  tnte  solutions  of  small  moleculee  or  ions  by  the  fsct  of  the 
possession  of  surfaces  of  contact,  with  all  the  phenomena  implied  by  this.  These 
properties  will  naturally  be  especially  marked  on  aoooont  of  tJie  great  Surface  area 
due  to  the  minute  stiito  of  RuhdiviHifm. 

It  is  convenient  to  have  names  for  the  two  phikses  of  which  a  colloidal  system 
awally  oonsists.  If  we  refer  back  to  Fig.  15  (page  H),  we  see  the  iwpropriateness 
of  Hardy's  names  (1900,  2,  p.  256),  of  "external  "  and  "internal  "  phases.  Other 
workers  call  Hardy's  internal  phase  the  *'  disperned  phase,"  and  the  external  phase 
tho  "  continuous"  one  (Wo.  Oatwald,  ld07,  p.  256).  The  names  will  be  used  here 
indifferently. 

One  essential  condition  for  the  prodnction  of  a  colloidal  solution  of  a  substanoo 
is  that  it  should  be  prsetieaUy  insoluble  in  the  external  phase^  or  "dispersing 

medium,"  to  use  another  expression  of  frequent  usage.  This  statement,  however, 
neecls  some  qualification,  as  we  shall  soe  larnr  Tt  is  especially  insi.ste<]  on  by 
Ton  Waimara  (1911,  p.  G)  that,  given  appttipriate  cuudttions,  all  substances  can 
be  brought  into  the  colloids]  state. 

It  may  be  mentioiwd,  as  sn  itttistration,  that  rwinoiis  .safaatanoes  Iik«  gambogs  or  nuMtio 

form  true  HolutioriH  in  .ilc<ihi)l,  Imt  when  a<  1i  >liili  iis  arn  iKiunsl  into  wat«r,  a  ooUoidal 
solution  ia  pnxiuctfd.  The  Haoie  investigator  givua  strung  cviueucu  to  hliow  that,  convcniely, 
all  aubataaoee  can,  by  appropriate  manipulatitm,  (MipeoiaUy  very  slow  deposition,  l>e  ohtatMd 
in  the  oryKtallin'*  form  (1!)1'2);  althou|>h  tht;  crystals  of  such  li(|uid  or  sorni  li<|ni<l  Hnlist.inces 
as  proteins  are  apt  t^i  iw  very  minute  ami  distorted  in  shape,  rounded  at  tlie  edges,  by  the 
aetion  of  auriaos  tanajon. 

Most  of  our  knowledge  of  the  fundi  mental  preptrties  of  the  colloidal  state  is 

due  to  Thomas  Graham,  whose  portrait  will  \yp>  seen  in  Fig.  .io. 

Gralmjn  startorl  from  a  different  point  of  view  from  that  of  Faraday.  He 
noticed  that  certain  substances  are  exti-emely  slow  to  dirtus*^,  and  devoid  of  the 
power  to  crystallise  (1861,  p.  183).  They  are  also  unable  to  pass  through  a 
membrane  of  similar  nature  to  themselves,  such. as  sized  paper  or  parchment 
paper  (unsi/.e<l  paper  treated  %vitb  siilplmric  a*i(I).  Amontfst  tbf"^o  .vubstnnrfs 
are  hydrated  silicic  acid,  starch,  aliuiinin,  gelatine,  et<'.  Ht-  says  (l'^^)!,  p.  ; 
**  \»  ^latine  (KoAAiy  =  gluo)  appears  U»  its  type,  it  is  proposed  to  dt-signate 
substances  of  ^e  class  as  eoilmdtt,  and  to  speak  €i  their  peculiar  form  of  aggrega- 
tion as  the  colhtidal  condition  of  Dintit-r.  Opposed  to  the  colloidal  is  the  crystalline 
condition.  Substance"?  affecting  tin-  latt<  r  form  will  Ix*  rIasso<l  an  crystalloids, 
Tlic  cii-Ntinction  is  no  doolit  ono  of  intimate  molecular  rmiHtitution."  It  will  be 
noted  that,  although  (iralKun  sprnks  here  of  the  "colluidai  condition"  of  matter, 
he  appears  to  regard  the  class  of  colloids  as  quite  distinct  from  that  of  crystalloids. 
"They  appear  like  di£ferant  worlds  of  matter"  (1861,  p*  220).  At  the  same  time 
he  is  awaro  that  tlio  sjime  Hubstancc,  silica  fur  oxiimplo,  mny  obtained  iti  cithor 
state,  while  on  the  ]>age  following  tJiat  on  which  the  above  staUnnent  is  found,  he 
suggests  tliat  the  colloid  molecule  may  be  "  constituted  by  the  grouping  tugether 
of  a  number  of  smaller  crystalloid  molecules."  Perhaps  stress  is  intended  to  be 
laid  rut  her  on  the^  word  ''appt^-ar."  In  any  case,  it  is  better  to  speak  of  the 
"colI.>itlaI  Mtat^'"  and  not  <»f  "c<)!loi<l»"  a*;  n  fl!\<^s. 

One  important  chararf^'riHtic  of  this  stnt(%  that  of  instahilily,  was  clearly 
recognised  by  Graiiam.    filter  referring  to  the  fact  that  colloidal  soluticms  of 
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silica  sooner  or  later  becunie  gelatinous  anil  hnaliy  erystallifie,  he  says  (1S61, 
p.  Ib4) :  ** Hie  ooHoidml  in  £ut,  a  dynamical  state  of  matter;  the  crystolloidal 
being  the  statical  condition.  The  colloid  possesses  EKEKGIA.  It  may  be  looked 
upoii  tus  the  |)rol)al)le  primary  soiirro  of  the  force  appoariii^  in  i\w  plicnomona 
of  vitality.  To  the  grafhml  manner  in  which  colloidal  changes  take  place  (for 
they  aJways  demand  time  as  an  element),  may  the  characteristic  protraction 
of  ohemiccK>t^gaiuc  dhangfs  also  be  referred.**  Uhis  *'eneiigia"  we  know  now  aa 
'*  surface  energy  "  of  its  various  kinds. 

TTie  two  pliasra  of  whicli  a  colloidal  solution  consists  may  obviOQfOjr  be  of 
mmvf  various  kinds.   The  table  below  will  illustrate  this:>-> 


Internal  or  Disporsed 
Phase. 

£xtenuiy)r  CoDlinuuub 

Examplo. 

1.  (\m 

2.  Ltt|uifl  - 

3.  •       -  . 

4.  -  • 

5.  fck>lid  ... 

6.  .      •  . 

7-     »t      •      -  . 

Uqvid  .... 

Gas  .       .       .       -  • 
Anotlmr  ininiiBciblo  lii|uid 
Solid       ,      -      ,  . 
f!a8  -       .       .      •  . 
Liijuid     .      .      •  . 

Another  solid  .      >  . 

Foam. 
Fog. 

EmulKioii  or  emalsoid  ;  milk. 
Jelly,  OS  gelatine  in  some  forms. 
Tobacco  smoke. 

Ordinary  oolloidal  •olntioo,  aach  as 
tho?<>  of  gold,  SEseniouB  mdphide,  etc. 

Ruby  glass. 

The  most  imporUtnt  systems  for  tlio  physiologist  are  tlicHie  consisting  of 
solids  and  liquids,  Nos.  3,  4,  and  6,   The  nature  of  the  diBpened  phase  as 

s«>nt}  or  liquid  has  been  adopted  as  a  basis  of , classification  by  Wo.  Ostwald 

(iy07,  p.  334).  This  system  is  in  many  ways  a  nsoful  one,  although  it  does 
not  direct  attention  to  wliat  ix  [perhaps  tht<  most  important  dintinction  between 
different  classes,  that  is,  tlie  aiimity  uf  the  liiiiperscd  phase  for  water.  When 
the  internal  phase,  although  liquid,  is  in  exta-emely  minute  droplets,  its 
mechanical  properties  dosdy  resemble  those  of  a  solid — the  great  pressure 
doe  to  the  internal  component  ctf  tlie  surface  tension  confers  rigidity  on  them. 
The  characteristic  which  carries  with  it  most  of  the  other  differcnceji  in  the 
general  behaviour  of  a  colloidal  system  is  the  allinity  of  the  internal  phase  for 
water,  or  other  solvent,  constituting  the  external  phase.  It  will  be  clear  that 
the  more  wattr  the  internal  phase  contains,  and  it  may  contain  as  much  as 
90  per  cent.,  the  le.ss  will  In?  tlie  difTerenee  l)etwcen  the  prfiperlres  of  tin-  two 
components  of  the  interface  of  contact  lH>tween  it  and  the  external  phase,  and, 
consequently,  the  less  will  be  the  .surface  energy. 

Hardy  (1900,  I,  p.  236)  calls  attention  to  the  fact,  also  pointed  out  by  Quincke  (IDftl, 
p.  1012),  that,  aH  a  rule,  the  material  of  which  the  internal  phase  in  compo6c<f  is  not  absolutely 
ittBoluble  in  the  external  phaKe,  so  that  the  two  phases  will  be  (1)  a  solid  eontainiDg  a  certain 
amonnt  of  the  solvent,  and  (2)  a  very  dilate  true  solntion  of  the  solid.  The  snbstance  of  which 
the  Boliil  ph.m'  iH  i  oiii(K».'«od  will  iK-coiiie  more  solubU-,  a.s  a  nilc,  as  tlio  t«'ni|)«'ratnr('  \h  raised. 
This  fact  is  sometimes  of  use  as  a  means  of  indicating  whether  the  external  phase  of  a  colloidal 
■oltttion  does  aetnally  consist  of  a  dilate  tme  Bolntion  of  the  subsCanoe  in  suspension.  The 
most  corivrnifnt  way  of  (I(  t«'<'tiiig  tin's  in  liy  mvasurillg  the  electrical  roixluctivii y.  TTow. 
ever  long  a  colloidal  solution  has  boon  dialyscd  (a  means  of  purification  to  bo  descrihcil  later, 
and  depending  on  the  impermeability  of  certain  membranes  for  oolloids),  it  is  almost 
impoBsiblo  to  rcmovo  all  traces  of  forciixn  olr-ctrolytes.  Now,  as  the  trmpcratTirt-  is  raised, 
these  forei^  budii^s  will  nut  increase  in  number  ;  since  the  impurity  is  in  extiumcly  luw 
oonoentntion,  it  may  be  recsrded  as  being  completely  dissociated  electrolytically.  The 
increase  in  condiutivit}^,  so  far  a."*  it  dopenriB  on  this  impurity,  will  Vh>  duo  only  to  the 
increased  rate  of  muveuient  of  the  ions  alremJy  present,  ilcpcudunt  uti  thu  diminished  viscosity 
of  the  solvent.  The  temperature  coefficient  of  this  is  known,  and  lies  between  2  and  2*4  per 
cent,  of  the  omidaotivity  at  18"  per  degree  rise  of  teroperatore.  Suppoee  we  take  a  so^lution, 
saturated  at  18',  of  an  electrnlyto,  for  convenience  a  somewhat  Insolnble  one,  snch  as 
8idphaiiilic  .acid,  and  detorniiiio  it.s  coiiflucti vity  at  various  t«'riij>cratun'.'«,  we  find  tlic  tempera- 
tore  coefficient  to  be  2*6.  Bat  if  excess  of  undissolved  acid  is  present,  more  and  more  will  co 
into  solution  ss  the  temperatore  is  raised,  the  setnal  nvmber  of  ions  is  inoresMd,  and  the 
tompcraturo  ooeffioient  appears  to  be  consideraV>ly  liighor,  vir.. ,  5  ^1  Applying  this  fact  to  the 
colloidal  system,  if  the  conductivity  is  due  to  foreign  ions,  the  temperature  coefficient  will  bo 
OOly  2  to  2*4,  and  if  it  is  found  experimentally  to  be  higher  than  this,  evidence  is  afforded  that 
noes  of  the  ooUoidal  labstaaoe  itself  goes  into  tnis  aolntioii.   The  freaadd  of  Ooogo>rad  is  • 
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ca*ie  in  point.  Here,  as  I  find,  the  tcmiHirntu?-o  ooefficient  is  cither  3*0  or  7'3,  according 
to  whether  the  measureoienta  are  made  from  higher  to  lower,  or  vice  versa.  The  diffiuence 
is,  no  doabt,  dne  to  hysteresis  <aee  below).   The  meamreiiMnts  were  made  in  a  qnartc  veaeeL 

The  hypothesis  can  be  t<;3to<I  in  unother  way,  not  sn  FntiKfax^t^iy  in  pr.uTice.  If  a  (liluto 
Bolution  of  an  electrolyte  be  further  diluted,  tuiy  to  twice  its  vuluoie,  it^  conductivity  will  be 
halved,  boeauso  no  new  ions  will  be  produced.  If  the  conductivity  of  a  colloidal  solution  be 
due  to  traces  of  electrolvto  impurity,  on  dilution  it«  conductivity  will  \w  rwlncod  in  exactly 
the  name  proportion.  Whereas,  if  due  to  sliglit  true  solubility  of  the  oulluid  itself,  it  will 
remain  nnaltond;  or  at  all  evanta,  l«tt  diminished  than  in  ratio  to  the  dilation.  There 
is  always  excels  of  thf  solid  pha*«o  present,  so  that  the  external  phase  is  always  a  saturated 
solution.  If  the  particles  dimifiishod  in  size,  owing  t-o  further  subdivision,  greater  d  is  pension, 
it  is  even  pcMsible  that  the  conductivity  might  rise  on  dilution,  owing  to  the  greater  solubilitj 
of  fine  particles.  The  experiments  of  Hiuett  (1901,  p.  406)  show  the  solubility  of  bariam 
sulphate  in  particles  of  1*8  m  to  be  2*29  millimoles  per  litre,  in  particles  of  0*1  /t  to  be  4*15 
millimoles  per  litre.  This  fact  in  in  agrwrncnf  \\  ith  the  experience  of  chemists  that  large 
partioloa  in  preoioitates  grow  at  the  expense  of  smaller  ones ;  or  from  a  mixture  of  crystals, 
depoeited  from  a  hot  saturated  aolation  when  it  ooola,  the  amaller  eiyrtak  gradnaUy  disappear 
while  the  laigw  ones  increane  in  atae.  The  iaot  li  oolUieGted  with  the  diminution  of  aomoa 
energy  involved  iu  the  process. 

Perrin  (1905,  p.  85)  divirles  colloidal  solutions  into  " hydrophilo  '  and  "hydro- 
phobe," according  to  the  athmly  of  the  dit-ijersed  phase  for  the  water;  ^^lyophUe** 
and  ^^lyophabe"  iroold  be  better,  as  IVeandlidi  points  otiti  sinoe  water  may  be 
t  (  placed  by  other  solvents.  This  classification  is  abnost  cotenmnoas  with  that  ol 
Hardy  (lOoO,  1  and  2)  into  reversible  and  irreversible  colloids,  jtccordin^  to 
whether,  after  evaporation  to  drynesi^,  they  go  into  solution  a<,'aiii  on  iiiere 
addition  of  water  or  remain  as  a  8ulid  iilm.  Typical  instances  of  the  hydrophile 
class  are  gelatine  and  gum,  off  the  liydrophobe  class,  gold  and  arsMiious  sulphida 
Intermediate  forms  arc  also  known  to  exist,  that  ia^  systems  which  have  some  of 
the  properties  of  each  class.  Such  are  the  sulphur  preparations  of  Sveti  Oij  'ti 
(1912,  p.  712),  which  give  reversible  jirecipitatcs  with  salts,  like  the  hydrophile 
class,  but  are  precipitated  by  very  small  concentrations  of  bivalent  ions,  like  the 
hydrophobe  class.  It  must  be  admitted  that  the  existence  of  these  intermediate 
kinds  of  colloidal  systems  deprives  all  classificatioiis  as  yet  proposed  of  mnch  of 
their  thrfiretic  value,  althoiif^h  useful  in  practice. 

The  names  ''sol"  and  "7^/"  introduced  by  Graham  (1864,  p.  321,  p.  62U  of 
the  Collected  £<iition,  187G)  may  be  referred  to  here;  a  colloidal  solution  of  silicic 
acid,  at  first  liquid,  becomes  gelatinous  in  process  of  time.  The  two  states  are 
called  "  hydrosol "  and  "  hydrogel "  respectively,  when  the  external  phase  is  water. 
When  this  is  alcoliol,  "  alcosol,"  and  so  forth. 

Somn  degroo  r>f  corifusictn  is  apt  t^)  arise  from  the  Ufif(  nf  the  wonls  "  hnmngnnenns  and 
*' hetcri»gunouus "  m  auplicd  to  sohitidnH.  It  is  plain  thai  no  solution  can  \Hi  absolutely 
iMMnogeiieOlM  ;  a  moloculo  of  water  and  one  nf  sodium  chloride  catuiot  bo  in  the  same  place  at 
the  same  time.  Indeed,  von  Calear  and  Jx>bry  do  Bniyn  (1904,  p.  218)  thought  that  they  had 
succeeded  in  pnxlucinff,  by  centrifugal  force,  changes  of  concentration  in  solutions  of  potaAsium 
iodide.  It  is  also  clear  that,  if  we  make  as  our  criterion  of  heterogeneity  the  power  we 
possess  of  separatiug  the  phases  roeohanieally,  as  Bakhnis  Roozeboom  p.  9)  does, 

SOlloi^l  sohitionfi  emnncit  be  called  heterogeneous.  The  really  important  point  is,  following 
the  work  of  trd  Hihlw,  wliether  the  i»heininiona  duo  to  tho  poHscs.sicm  of  surfaces  iil 

oootaot,  as  nhuwu  by  matter  iu  mass,  are  also  showu  by  the  "  particles"  of  the  internal  phaw 
in  eolloidal  solntions.  About  this  there  is  no  dispnto ;  bat^  to  avoid  mlsundenitanding,  it  is 
perhaps  .ndvisaVtle  not  \ri  use  the  name  "  hotemgHneoua "  in  their  case,  and  to  speak  of 
ooUoulal  Kolutiuns  as  *' mioru-hoterogeneous,"  ouu  or  more  of  the  phases  being  minutely 
Sttbdividod. 

Where  then  can  we  say  that  "molar"  pro[>erties  cease  and  "molecular* 
properties  begin?   The  question  remains  as  yet  unanswered,  but  it  seems  cleajr 

that  a  gradual  transition  must  exist,  and  possibly  some  of  the  disputes  as  to  the 
relation  between  the  chemical  and  physical  properties  of  ecrtain  colloidal  syst^^ms 
may  be  due  to  an  exclusive  consideration  of  a  part  only  of  the  phenomena  shown 
by  these  intermediate  states. 

Whatever  phenomena  are  manifest  at  interfaces  between  phases  will  obviouidy 
be  greater  as  these  interfaces  increase  in  area.  It  is  of  interest,  therefore,  'to 
calculate  tRe  amount  by  which  the  sirrfnee  of  a  given  nm<?s  increase.*;  when  sub- 
divided to  colloidal  dimensions.  The  particles  of  gold  iu  some  of  the  preparations 
of  Siedentopf  and  Zsigmoudy  (1906)  were  found,  by  a  method  to  be  described 
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Uter,  to  have  m  radius  of  about  one-millionth  of  a  oenttmetre.   A  sphere  of  gold 

of  one-tenth  of  a  centimetre  radius  has  a  surface  of  0*126  sq.  cm.,  while  the 

surf.'ioe  of  tlio  same  mass,  if  8ubtIivitle<I  to  the  ahovo  colloidal  dimenaonOy  would 

have  a  burfaoc  of  aU>ut  100  sq.  m.,  or  be  multipliod  by  ten  millions. 

It  will  ocour  to  the  reiMi«-r  that  we  aro  very  near  molecular  dimensions  in  the  oaso  of  those 
finest  particles.  lu  fact,  Siedentopf  and  Zsigmondy  obtained  gold  hydrosob  with  particles  of 
lm9  Umu  6  /v»  in  diMnetor  0*  i«  ODOl  iniii.p  «aa  u  one-tboaMndth  o£  this,  ».e.,  one- 
niUioath  c»f  *  mfflimetre),  wUk  itudi  ie  itKled  Ivf  Lraiy  de  Bnijn  and  Wolff  (19(M)  to  have 
a  niulecaler  diAmetttr  of  6  m  eml  even  oerbon  dioxide  htm  a  value  of  0'29  mi>»  (Nernst,  1911, 

In  practice  it  is  found  that  Graham's  criterion  of  not  passing  tlirougli  parcli- 
ment  paper  is  the  most  satisfactory  one  for  deciding  whether  a  particular  Hulution 
is  a  colloidal  one.  This  property  goes  together  with  the  various  other  properties 
dependent  on  surface  developmenti  although  it  must  be  admitted  that  it  is  some- 
what arbitral  \-  to  fix  the  point  at  a  definite  dimension.  Iri<lfMv1,  fhore  are  snb- 
stauceti  on  tiic  border  line,  like  certain  dyes,  which  will  pass  through  sotue  samples 
of  parchiuent  paper,  but  not  through  others,  and  these  substances  are  found  to 
ponsoBB  some  of  the  colloidal  characteristics  hut  not  all. 

When  we  are  dealing  with  such  things  as  gold,  silica  or  areenioos  sulphide^ 
we  know  that  the  size  of  their  particles  can  onlv  lx»  att^iincd  by  th''  ffgrfgation 
of  a  nuniVx;r  of  molecules  ;  but,  as  we  have  just  seen,  tho  single  molecuics  of  some 
organic  compounds,  such  as  starch,  may  be  of  sutticient  size  to  present  properties 
of  surfaoe.  Hmnoglobin  does  not  pass  through  parchment  paper,  bat  measure* 
ments  of  its  osmotic  pressure  by  Hiifner  and  <);uisspr  (1907)  have  shown  that 
it  is  prrM^nt  in  solution  in  single  molecules.  How  this  in  known  will  h<!  under- 
stood after  Chapter  V  i.  on  osmotic  pressure  has  been  read.  In  the  case  of  salts, 
such  as  O^ngo-red  or  caseinogen  in  alkaline  solotion,  which  are  electrolytically 
dissociated  in  solution,  but  of  which  neither  ion  passes  through  parchment  pi^>er, 
complications  aro  present  which  will  l>o  discussed  in  tho  next  diaptcr.  It  may 
bo  that  the  organic  iou  itself  is  sutiiciently  hiri^o  to  possess  the  properties  of 
the  colloidal  state,  or  there  may  be  aggregates  of  these  ions  formed. 

THE  ULTRA.MICROSOOPE 

Much  of  tho  recent  progress  in  knowledge  of  the  colloidal  state  is  due  to 
the  one  of  tho  ultra-microscope.   This  method  was  first  described  by  Siedentopf 

and  Zsigmomly  in  1903.  Details  of  the  construction  of  the  instiunient  would 
be  nut  nf  p1:i(  (<  here.  Tlie  reader  is  referred  to  the  f)!ii;inal  paper  (190."?)  or  to  the 
book  ot  Z.sigiiiondy  (1905,  pp.  83-97).  Space  for  tiie, principles  only,  ou  which  it 
depends,  can  be  found  here. 

It  is  a  matter  of  conomoa  observation  that  dust  particles^  completely  invisible 
under  ordinary  light,  become  dearly  visible  in  a  beam  of  sunlight.  Rayleigh 
(189JV)  hfiH  sfinwn  t!tat  to  make  visible  a  particle,  which  is  too  small  to  l>e  seen 
by  Itic!  liif^'ttist  power  of  the  microscope,  merely  mjuires  sufficiently  intense 
illuuiinatic»n.  It  must  be  remembered  that  these  particles  aro  smaller  than 
the  wave  lengths  of  the  visible  part  of  the  spectrum.  For  examplei,  the  wave 
lenglh  of  the  D  line  of  sodium  is  589  fifi  and  the  limits  of  the  visible  qiectrum 
lie  roughly  between  700  and  400  fifi.  Dimensions  of  such  values  are  h'l^h 
for  the  particles  in  a  colloidal  solution,  which  may  be  as  small  an  6  /xfi,  as  we 
have  seen,  although  this  is  an  unusually  small  size.  Any  object  smaller  than 
half  the  wave  length  of  the  light  by  which  it  is  illuminated  cannot  be  seen 
in  its  true  form  and  size  owing  to  diffraction.  Hereby  is  set  a  limit  to  microscopic 
observation.  A  brilliantly-ilhiminate*!  <lu8t  particle  in  a  b«»am  of  .sunh'j:!it 
is  seen  >is  a  disc,  due  to  ditlracted  rays  sent  olF  from  its  surface,  and  looks 
much  larger  than  it  actually  is.  ^ 

The  Vsraday  phenomenon  in  a  colloidal  solution  is  similar  to  that  of  the 
motes  in  a  sunbeam.  It  occurred  to  Siedentopf  and  Zsigmondy  that  if  tlie 
S'Ontjon  was  much  dilute<l  nrn\  t)ie  beam  examined  V)y  the  micrt>scope,  placed 
perpendicularly  to  iU*  track,  so  iis  not  to  receive  tho  direct  light,  the  dif&^tion 
images  of  the  separate  particles  would  be  visible.    In  that  form  d  the  ultra- 
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microscope  made  for  the  examination  of  liquids,  a  very  intense  but  small  beam 
of  light  is  projected  horizont^illy  from  the  sun  or  an  arc  lamp,  by  means  of 
a  system  of  condensing  lenses,  into  the  liquid  contained  in  a  small  cell  \vith 
a  flat  side  towards  the  light  and  a  flat  top  towards  the  observer.  The  track 
of  the  beam  is  examined  from  above  by  means  of  a  water-immersion  lens  forming 
the  objective  of  an  ordinary  microscope.  If  the  solution  contains  particles, 
these  are  seen  as  bright  discs  with  vigorous  Brownian  movement.  The  limit 
of  visibility  depends  on  the  intensity  of  the  illumination.  The  finest  particles 
cannot  be  distingui-shed  separately,  but  are  indicated  by  a  haze.  Zsigmondy 
uses  the  name,  "  submicron,"  for  elements  seen  as  separate  discs,  although 
invisible  in  the  ordinary  micro.scope,  and  "  amicron "  for  those  which  even  the 
ultra- microscope  can  only  indicate  as  a  diffuse  illumination  in  the  track  of  the 
beam.  Fig.  36  shows  the  course  of  the  light  rays  ;  Fig,  37  the  arrangement  of 
the  apparatus,  in  Zsigmondy  and  Bachmann's  (1914)  pattern,  and  Fig.  38  shows 
the  illuminated  field  seen  by  the  observer. 


Fig.  36.    Diagram  of  tiir  coursb  ur  the  ravs  or  light  in 

THE  DLTRA-MICROSCOPK. 


The  oorreot  interpretation  of  all  the  phenomena  Been  by  this  method  ha«  not  been  arrivwl 
at  a«  yet,  and  much  caution  must  lie  exercised  in  drawing  conoluBionB.  There  are  one  or  two 
points  which  a  little  experience  in  itN  use  with  a  variety  of  Rolutionn  has  taught  me,  that  it 
may  be  well  to  call  attenti«)n  to.  It  ia  a  matter  of  Romo  difficulty  to  obtain  water  that  doee 
not  show  a  few  particles,  so  that  in  the  pre|)aration  of  colloidal  solutions  foreign  particles  are 
almost  unavoidable.  Now  these  may  be  mistaken  for  the  substance  under  examination.  To 
take  an  example,  a  dilute  solution  of  Congo-retl,  even  the  purest,  is  almost  certain  to  show  a 
few  bright  discs  of  light ;  but,  on  close  observation  with  the  most  intense  light  that  the 
apparatus  can  give,  it  will  be  noticed  that  the  track  is  filled  by  a  faint  ha7«.  In  this  case 
it  can  easily  bo  shown  that  the  few  particles  seen  are  not  the  dye  itself ;  the  addition  of  a 
little  acid  to  the  solution  splits  oflf  the  frf^e  dye  acid  and  this  forms  a  colloidal  solution  with 
pomparativelv  large  particles,  so  that  the  whole  track  of  the  Iwani  appears  densely  packed 
with  bright  diffraction  images.  It  is  unnecessary  to  repeat  that  this  appearance  of  densely- 
packed  particles  is  really  due  to  the  disparity  in  sire  between  the  object*  and  their  diffraction 
images.  What  is  clear  is  that  the  dye  salt  is  not  resolvable  into  particles,  it  oonsists  of 
**  amicrons,"  whereas  the  free  acid  consists  of  "  submicrons. " 

Again,  if  the  refractive  index  of  the  particle  approximates  to  that  of  the  external  liquid 
phase,  the  sj'stem  is  not  optically  heterogeneous  ana  no  opportunity  for  formation  of  images 
IS  present.    This  seems  to  oe  the  case  with  certain  hydrophile  colloids,  especially  proteins. 

If  a  given  solution  cannot  be  resolved,  it  must  not,  therefore,  be  assumed  that 
it  is  a  true  solution.    It  may  consist  of  particles  too  small  to  be  seen  by  the 
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available  illumination,  or  their  refractive  index  may  be  t«x)  close  to  that  of  the 
surrounding  medium. 

In  the  actual  instrument,  as  supplied  by  the  firm  of  Zeiss  or  Winkel,  for 
example,  the  crater  of  the  positive  carbon  of  the  arc  is  first  focussed  on  U)  an  adjust- 
able slit,  whose  aperture  can  be  read  off  on  the  graduated  head  of  the  a<i justing 
screw.  This  slit  can  be  rotated  through  90°  for  the  purpose  of  estimation  of  the 
actual  mass  of  the  jHtrticles  by  the  ingenious  method  of  Siedentopf  and  Zsigmondy 
(Zsigmondy,  1905,  pp.  93-97).  The  total  content  of  the  colloidal  matter  in  a  large 
volume  of  the  solution  is  first  determined  by  some  appropriate  chemical  method. 
Tliis  solution  is  then  diluted  to  a  known  extent,  and  so  far  tliat  the  particles  seen 
under  the  ultra-microscope  are  sufliciently  separated  to  be  counted.    By  aid  of  a 

micrometer  in  the 
ocular,  a  known 
area  of  the  field 
is  isolated,  and 
the  number  of 
particles  in  the 
volume  corre- 
sponding to  this 
area  is  countetl. 
Hie  depth  of  this 
portion  is  obtain- 
ed by  rotating 
the  slit  through 
90%  when  what 
was  previously 
the  depth  Viecomes 
the  width,  and 
can  be  read  off  on 
the  ocular  micro- 
meter. A  simple 
calculation  then 
gives  the  number 
of  particles  in 
unit  volume  of  the 
original  solution, 
and  from  tliis  the 
mass  of  each  is 
known  from  the 
total  solid  c<intent 
of  the  solution. 

Dark  Ground 
11  In  m  i  iiat  ion.  — 
Another  method, 
sometimes  called 

"ultra-micrascopic,"  which  is  frequently  used  for  examination  of  bactei-ia,  and  is  then, 
of  course,  not  strictly  ultra-microscopic,  but  can  also  be  made  to  show  the  presence 
of  structures  invisible  by  the  oniinary  microscofw,  is  a  development  of  the  dark 
ground  illumination  by  specially  construct<'d  sub  st^ige  con<lonser,  intnxluced  by 
Wenham  in  1872.  The  central  rays  of  the  illuminating  beam  arc  cut  out  by  means 
of  a  sl<»p,  and  the  jKiripheral  rays  are  rollectc<l  by  a  parulx)lic  surface  .so  as  to 
meet  at  a  point  in  the  object  under  examination  ;  they  cross  at  such  an  angle  as  to 
pa.ss  outsi<le  of  the  field  of  the  objective  in  use,  which  only  picks  up  light  refracted, 
or  diflfracted,  from  structures  in  the  preparation.  The  paraboloid  form  is  chiefly 
uscfl  for  the  investigation  of  comparatively  coarse  structures,  as  in  Fig.  6,  of 
Spirogyra.  A  cardioid  surface,  as  in  the  apparatus  of  Siedentopf,  made  by  Zeiss, 
gives  more  brilliant  illumination,  and  can  \)e  used  for  the  more  minute  particles  of 
colloidal  solutions.  This  latter  instrument  has  also  been  fitted,  at  my  suggestion, 
with  an  electrical  heating  arrangement,  so  that  the  changes  produced  in  colloids 
by  heat  can  be  followed  by  the  eye. 


Fio.  38.    Illuminated  FfELD  as  seem. 

The  ravB  eonvertre  to  a  (wiis  in  the  wiitrc  ami  then  <livcrjrf  ntoiin,  a  an«l  h.  Not* 
that  the  >rre»t<^t  ntiniher  of  particlcn  is  rendcmi  visible  in  the  most  liri^rhtly 
ilhiniinatc<{  xtxtt  c.  Tliis  is  «Iiie  to  the  fact  that  the  more  intenHc  I  he  illumina- 
tion, the  smaller  are  the  partiohti  that  it  is  possiMc  to  ohsorvc.  Thr  |»art.iHp« 
whinh  arc  too  small  to  be  seen  outside  the  focus  of  the  beani  are  obvious  under 
the  more  brilliant  light  at  this  foous. 
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The  scattering  of  light  by  suspended  particles  haa  boon  made  the  basis  of  a  method  of 
Mtimatirtn  by  Tlietxlort*  W.  Kitihards  (1906;  also  Biltz,  1907).  Acoiirrtte  »lf tfriniiiatifmH  of 
■iiall  aniouuts  of  precipitates  can  be  made  in  this  way.    The  instrument  Ubud  is  called,  by 

DIALYSIS 

One  definition  of  the  colloidal  state  i.s  that  matter  in  tliis  state  d<x\s  not 
pass  through  such  a  membrane  as  parcluueut  paper.  The  discovery  of  the  fact 
is  doe  to  Graham  (1861,  p.  186),  as  well  as  the  applicatioD  of  it  to  the  separa- 
tiOD  of  oolloida  from  crystalloids  by  the  process  which  he  called  "  dialysis."  The 
forms  of  apparatus  which  he  used  are  shown  in  Fig.  39,  and  are  in  practice 
very  effective. 

I  find  that  it  is  better  uut  to  allow  the  level  of  the  liquid  iu.sidu  to  ristj  alxive  the  upper 
edge  of  the  P^per,  since  it  is  difficult  to  make  a  tight  joint  at  the  lower  fxlge  of  the  hoop  or 
glass  bell.  The  sheet  of  paper  taken  should  bo  large  cimuuli  to  l>e  tied  around  the  top  of  the 
vex^sel.  A  continuous  current  of  water  may  be  caused  to  tlow  through  the  outer  vessel,  but  a 
given  volume  of  disUUed  water  is  BMws  eflbokiTS  if  ossd  in  tevmsl  dumgw  of  the  whole  volnine 

of  liquid  in  th«  outer  vessel.  , 

CrystalloidH  pass  very 
rapidly  through  parch- 
ment paper.  Graham 
showed  that  96  per  cent 
of  the  salt  content  of  a 
2  per  cent,  solution  of 
sodium  chloride  passed 
through  in  twentjr-lcmr 
hours,  when  the  Tolnme 
of  the  water  outside  was 
ten  times  that  of  the 
solution  and  was  changed 
onee.  Dilute  hydro- 
ehloric  acid  applied  to 
one  side  of  the  paper 
reddened  litmus  piper  on 
the  uppoeite  side  in  5*7 
seoonaB.  A  point  to  be 
remembered  is  that  the 
paper  itself  is  altered  by 
the  action  of  alkali,  ex- 
panding more  than  by  the 
action  of  water  aSone. 
This  will  affect  its  per- 
meability, and,  in  fact,  I  have  noticed  that  Cn^n  reel,  which  passes  very  slowly 
through' some  samples  of  the  paper,  is  accelerated  in  tliis  process  if  the  solution 

is  slightly  alkaline.  .   ,  i     ,i  . 

Other  forms  of  dialyser  will  be  found  described  in  the  practical  handbooks, 
such  as  the  article  of  Zun/  (1912,  pp.  478-485). 

J.  J.  Abel  (1913  and  1914)  has  applied  the  process  of  dialysis  t-o  the  investiga- 
tion of  chemicid  chanjjes  <jccurriiig  in  the  whole  organism  of  the  higher  animals  or 
to  those  occurring  in  individual  organs.  The  blood,  issuing  from  an  artery  through 
a  canula^  is  made  non-coagulable  by  the  addition  of  small  amounts  of  extract  of 
the  heads  of  leeches,  mn  into  it  fi  orn  a  side  tube^  and  is  then  caused  to  pass 
through  a  series  of  eollodlDn  tuln's,  immersed  in  wann  Uinger's  solution. 
Collodion,  like  parchment  pajnr,  is  impeiiueablo  to  colloids.  After  passing  these 
tubes  the  bloo<l  is  returned  to  a  vein  and  thus  is  kept  in  continuous  circulation 
through  the  dialyser.  In  its  passage,  it  gives  up  the  diffusible  substances  which 
itoontains  to  the  outer  fluid,  in  so  far  as  they  are  not  already  pr(>sent  in  e«pial 
concentration  therein.  By  sufliciontly  long  continuation  of  the  process,  these 
8ubstance,s  pass  out  until  they  are  in  equal  concentration  in  the  blood  and 
in  the  outer  liquid.     If  the  maximum  degree  of  dialysis  is  required  in  a 
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limited  time,  the  Ringer's  solution  is  changed  at  intervals.  Abel  haa  alreadj 
obtained  considerable  amounts  of  amino-acids.  To  invosti-ntn  the  chan^'^-^  fakinu 
place  in  the  content«  of  tho  blfHKl  as  it  traverses  a  jmrticular  organ,  the  ditiusate 
from  the  ingoing  blood  can  be  ct>iii)»iired  with  that  of  the  outgoing  blood.  The 
substances  that  nave  been  identified  as  diffusing  out  from  the  blood  are  sajs^, 
ttrea>  phosphates,  amylase^  and  aminoHicidfl.  The  name  of  «i«vcf(^Wt(»n  is  given 
to  this  method  by  its  discoverer. 

ULTRA-FILTRATION 

Although  membranes  of  hydropliile  colloid  .substances  do  not  allow  wntor  to 
filter  through  at  any  perceptible  mte  under  nioderat<>  pitwauros,  it  is  jiossiblc, 
by  the  application  of  pressures  from  two  to  thirty  atmospheres  or  more,  to 
concentrate  coUoidal  solutions  and  separate  them  from  **  crystalloid  "  admixtare» 
by  forcing  the  liquid  phase  through  the  membrane. 

This  was  first  done  by  Chas.  J.  Martin  (1896).  His  filter  consisted  of  a 
porous  clay  Chamberland  candle,  whose  por<^  .were  filled  with  gelatine.  This 
was  fixed  in  a  gun-metal  case,  with  the  nozzle  projecting,  and  tho  space 
between  the  two  was  filled  with  the  liquid  to  be  filtered.  A  pressure  of  aotne 
thirty  atmospheres  or  more,  applied  to  the  solution,  caused  the  water  ftod 
Cryst'dloids  to  l>e  driven  throu!];h,  whil<'  the  eolioids  remained  ^ehitv! 

Beclihold  (1907)  modified  t  he  apparatus  so  that  flat  sheets  of  various  mciabranea. 
diftering  in  permeability,  could  he  ustxi.  He  also  showed  how  to  make  nembranes 
of  diflterent  degrees  of  permeability.  Some  of  the  results  obtoinod  by  this  method 
will  be  refei  r(Ml  to  in  Chapter  V.,  on  "  Permeability  of  Membranes.  '  Tho  name  of 
"  Ultra  filter  "  is  duo  to  this  investigator.  See  also  the  work  of  W.  Brown  (1915) 
and  of  Walpole  (1915). 

BROWNTAN  MOVEMENT 

If  SHtui  \m  Mhakcn  with  water,  and  the  mixture  then  allowed  to  stand,  the 
sand  rapidly  falls  to  the  bottom,  leaving  the  water  clear  and  free  from  grainsw 
Why,  then,  do  the  particles  of  gold,  whoso  density  is  greater  than  that  of  sand, 

remain  suspended  for  an  indefinite'  time  in  the  colloidal  st-ate? 

It  will  be  ohviouH  that  this  is,  in  .some  way,  eoniieet/'d  witli  tla-ir  size  ;  hni 
there  must  also  be  forces  active  in  preventing  them  from  sticking  togetlier  to  form 
grains  largo  enough  to  fall  rapidly,  as  the  following  consideration  will  show.  The 
laiger  the  number  of  particles  int^>  which  a  given  mass  is  divided,  the  greater  the 
snrfare  energy.  Now,  by  the  princij)le  of  Carnot  and  Clausius,  the  system  strives 
to  diminish  this  free  energy,  so  that,  unless  prevented,  the  particles  will  aggregate 
together  to  form  larger  f>articles  and  sink. 

In  1828  the  botanist^  Robert  Brown  (1828),  noticed  particles  in  microeoopic 
preparations  to  l>e  in  a  continuous  state  of  rapid  oscillatory  motion ;  the  smaller 
the  particles,  tho  greater  th<^  amyilitutle  <tf  the  movement.  Various  Rugj:^e,stions 
were  made  from  time  to  time  to  explain  this  Jinmniiaji  ''  itun'^/nimil,  such  as 
inetjuality  of  temperature,  electrical  charge,  and  so  forth,  but  none  were  found  to 
stand  the  test  of  experimental  inTeetigaticm. 

One  fact,  which  at  onoe  diRposea  of  any  liypothosiH  referring  the  movemeot  to  any  oxtcriMl 

cause,  is  the  cumplote  independence  of  tho  direction  of  movfrni'nt  of  two  p.irlidcs  in  dose 
proximity  to  timi  another.  That  electrificatiun  ha«  nothing  to  do  with  the  phoiit>mc(»oii  is 
shown  hy  an  experiment  of  8vedberg  {19Q?)*  By  gradual  addition  of  an  aluniinitim  f«alt 
to  n  colloidal  solution  of  nilver,  he  WM  able,  owing  to  facts  which  will  bo  explained 
below,  to  reverse  the  sign  of  the  electric  charge  on  tho  silver  particles,  thereby  passing 
through  a  Htage  of  ter*)  charge,  without  in  any  way  diminishing  tho  extent  of  the  movemeola 
A  reference  to  Brown's  paper  is  to  be  found  in  "Middlemarch,   Book  II.,  Chap.  XVII. 

Tt  is  only  in  recent  years  that  it  has  \>eon  shown,  chiefly  by  the  work  of  Perrio 
(1908),  that  this  movement  ia  identical  with  that  of  the  molecules  of  the  liquid,  aa 
postulated  by  the  kinetic  theory. 

In  order  to  understand  the  nature  of  the  proof,  which  has  also  important 
bearings  on  the  question  of  the  re^il  existence  of  molecules,  a  few  words  are 
necessary  on  the  kinetic  theory  and  on  the  molecular  basis  of  chemical  sciencck 
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Ceitain  diffienlties  in  the  fttomie  theory  of  Dalton,  vhen  applied  to  the  volumes 

of  ^aaes  taking  part  in  reactiooH,  were  removed  by  accepting  me  law  pressed  by 
Avogadi'o  in  1813,  namely,  "equal  volumes  of  gases  at  tlio  same  presstire  contain 
«H]i]al  numbers  of  molecules.  '  Now,  if  molecules  have  an  actual  existence,  it 
follows  that,  in  a  detinite  volume  of  am*  gan,  say  one  cubic  millimetre,  there  ia 
a  certain  d^nite  number  of  moleoalee.  When  expreeaed  as  the  number  of  molecules 
in  one  gram-molecule  %A  a  gas,  or  in  32*4  litres  at  standard  temperature  and 
prcssn ro,  it  is  known  as  **  Avogadio's  constant,"  and  usually  designated 
by  the  letter  N.  It  has  Ix^n  determined  by  several  independent  nictliods,  and 
the  fact  "lat  the  values  obtain^  lie  very  near  together  is,  in  itself,  powerful 
evidence  Ok  the  truth  of  the  assumption  on  which  they  were  calculated.  A  short 
account  of  these  methods  will  be  found  in  Perrin's  monograph  (1910,  pp.  75-93). 

Further,  according  to  the  kinetic  theory  of  gases,  these  molecules  although 
very  minute  have  a  finite  size,  amd  the  space  cKTupitHl  by  the  molecule,  or  rather 
ijy  itn  »pheie  of  action,  is  very  ^inmll  compared  with  the  space  unoccupied.  At 
all  tempdkiatures  above  absolute  aero  the  moleeules  are  In  ceaseless  movement. 
Any  one  molecule  will  travel  in  a  certain  direction  until  it  meets  another  one. 
After  colli.siun  and  interchani^e  of  kiiir  tic  ent  ri,'v,  the  two  molecules  will  relHUju  l 
ami  travel  a^Miu,  l)ut  with  a  velocity  ciiangcd  iu  direction  and  in  magnitude,  untU 
further  coiiision.s  occur.  It  will  b<^>  seen  that  when  thega^i  is  a  mixture  of  inolccule8  of 
various  masses  the  kinetic  energy  of  any  individual  molecule  will  vary  from  moment 
to  moment,  but  will  oscillate  about  the  mean  value.  Similarly,  the  distance  travelled 
between  coUisums  will  vary  about  a  certain  value,  called  the  "  mean  free  path." 

It  is  interentirig  to  retnemVter  that,  although  the  first  artual  publioation  of  tho  kinrtic 
theory  was  made,  independently,  by  Kroenig  iu  18o6  and  by  (jiausius  in  1857,  a  oumpleUs 
development  of  the  theory  had  men  eent  to  the  Royal  Society  in  1845  bv  J.  J.  Waterstoo. 
This  paper,  iinfortunnt  -ly,  w  i  -  not  printed  utitil  1S92»  in  the  PhiLMiUj^kical  TVvHMiMftomi 
having  Im'«'ii  fuund  by  !.  juI  lUiyleigh  in  the  archives. 

Similar  statemeutii  apply  to  liquids,  with  the  exception  that  the  molecules  arc 
in  such  cloae  relation  that  the  ooheaive  force  of  attraction,  the  quantity  a  of  Van 
der  Waals'  equation,  about  which  we  shall  have  more  to  say  later,  comes  into 
play  niueli  more  powerfully,  aa  does  also  tlie  other  quantity  6,  representing  the 
vf>hinie  of  the  moleniK's  themselves  Tn  the  ease  of  soli^ls,  tliis  molecular  move- 
ment, ilue  to  heat,  uiust  be  supposed  to  bo  confined  to  oscillation  alxmt  a  me^n 
position.  Tho  molecules  of  solida  do  not  continually  change  their  plac^  as  is  the 
case  with  gases  and  liquids. 

Let  UH  now  fix  our  attention  on  a  particular  molecule  in  the  interioi'  of  a 
Hfjnid  It  will  driven  hither  anrl  tliitlier  hv  ^^i"  impact  of  other  molecules, 
upwards,  downwards,  and  so  on,  occaMionally  taking  a  comparatively  long  journey 
before  collision  with  another  molecule. 

It  can  be  easily  shown  (Perrin,  1910,  p.  11)  that  the  mean  molecular  kinetic 
energy  is  the  same  in  all  gasc.H,  and  van*t  Hoff  has  shown  that  the  same  state- 
ment holds  for  dilute  j?olutions;  st>  that  a  molecule  of  alcohol  in  solution  in  water 
has  the  same  kinetic  energy  as  each  molecule  of  the  water.  Again,  the  molecules 
of  sugar  in  sohiHon  have  uie  nme  mean  energy  as  those  of  the  water,  as  also  have 
those  any  other  molecule,  light  or  heavy,  in  true  solution.  Why,  then,  should 
we  not  extend  the  conception  to  aggregates  of  molecules,  in  other  words,  to 
colloidal  particles?    This  is  the  st^irtini;  point  of  Perrin's  important  wf>rk. 

Ck>naider  first  what  will  happen  to  a  particle  very  large  in  comparison  with 
the  molecules  of  the  liquid  in  which  it  is  immersed.  It'  will  be  bombarded  on 
all  sides  by  a  lar^  number  of  molecules,  •  moving  in  all  possible  directions, 
whose  resultant  will  he  zero  or  very  nearly  so,  and  no  movement  will  be 
pen'ejttii)le.  As  the  particles  are  imairined  to  Ixxjomo  smaller  and  smaller, 
they  will  l)e  hit  by  fewer  and  fewer  molecules  simultaneously,  so  that  the 
forces  acting  on  tbem  will  cease  to  be  balanced,  and  the  particles  will  be 
driven  hither  and  thither  just  as  the  molecules  of  the  liquid  itself.  There  is 
thus  every  reason  to  suppose  tliat  their  meah  kinetic  energy  will  alsn  be 
iflentioal  with  tiukt  of  the  molecules  of  the  liquid  or  of  any  other  molecule 
iu  solution. 
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Suppose  next  that,  on  this  aasnmption,  we  proceed  to  calculate  the  constant 
of  Avogadro  from  direct  observation  of  the  Brownian  movement  or  of  states 
of  equilibrium  due  to  its  operation.  If  the  values  arrived  at  agree  with  thoee 
obtuned  In  other  ways,  the  proof  is  practically  complete  tiiat  the  hypothesis 
Is  a  valid  ona   This  is  what  Perrin  (1910)  has  done. 

Three  different  methods  wwe  adopted,  the  exact  details  of  which  will  be 
found  in  his  little  monograph.  The  first  niethod  depends  on  the  fact  that,  if 
the  Brownian  movement  of  particles  is  really  the  same  as  the  movement  of 
moleonles  in  a  gas,  their  vertioal  distribution  in  equilibrium  must  follow  the 
same  law  as  that  of  the  atmosphere,  under  the  infloenoe  of  gravity.  In  order 
to  verify  this  experimentally,  it  was  necessary  to  prepare  suspensions  of  particles 
of  a  iinifonn  size  and  sufficiently  large  for  the  observation  to  be  made  in  the 
dcptli  of  u  cell  on  the  stage  of  the  microscope.    The  use  of  the  microscope  was 


Fio.  40.  Browniax  movkmknt. — Pftths  obtained  by  joining  the  con- 
ae<^utive  {M>Kitions  of  tliruu  particl»8  of  iiiastio  ai  iatervals  of  thirty 
teeonds.  Th<\v  only  give  a  feeble  idea  of  tliu  (  utnplexitgr  of  the  nal 
trajcictoriea.  If  tho  poaitiona  were  indicated  from  second  to  aecond, 
eoi'h  of  the  rectilinear  ae^menta  of  the  figure  would  be  replaced  bv  a 
p(>lygonal  coatoor  of  thirty  aides,  aa  eoroplioated  as  the  drawing 
given  here. 

(PSrrin,  19U^  p.  64  of  Boddy's  tAmlatioii.) 

necessary  in.  onler  to  count  the  particles.     r>arn1x)i;e  and  nmstio  were  the 

substances  used.  By  a  pr<M-ess  of  fractional  centrifu<»ation,  pre|mratic>ns  con- 
taining particles  <»f  a  uniform  .size  were  made.  From  these  experiments,  a 
value  of  70*5  x  1(>-'-  was  found  for  the  number  of  molecules  in  2*2-4  litres 
bf  a  gas. 

The  second  method  was  based  on  e  formula  of  Binstetn,  giving  the  mean 
displacement  of  a  particle  in  a  tjiven  time  in  terms  involving  N,  together  with 
other  values  cnj«il)lc  of  exjK'riinental  det^Tniiuation.  The  positions  of  an 
individual  particle  were  mapped  out  at  intervals  of  thirty  .seconds  by  the 
camera  lucida  on  squared  paper.  Samples  of  three  such  tracings  are  given 
In  Kg.  40.  This  figure  will  serve  to  give  .some  idea  of  the  complexity  of  the 
movements  in  cjuestion,  but  only  a  limltod  one,  since  it  must  l)o  renieinberMl 
that,  if  the  j>osition  of  tho  p.iiticle  hatl  been  mapped  at  more  frequent  intervals, 
it  would  have  been  found  that  between  each  of  the  positions  marked,  a  path 
fiilly  as  elaborate  as  the  whole  of  the  figure  would  have  to  be  inserted. 
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These  figures  are  also  instructive  as  showing  what  complexity  results  from  the  action  of 
vgifmr&ativ  mmplA  and  uniform  fot<oe«.  The  mean  kinetic  energy  of  each  molecule  is  the 
Mane  wi  that  of  other  tnoleeiilea,  and  the  foroaa  to  whidi  it  i*  etpoaed  might  be  imagined  to 

Yfi  syn)rn«^tri«ally  distriliutt'd  in  the  body  of  the  li<iuirl.  mu!  v  't  w.  .il.t.uii  rliin  appftrently 
"chootie  '  variety  of  movement.  It  is  unn«cesisary  to  i-emark  that  it  is  not  really  in  any 
way  "  chaotic,"  the  impression  it  gives  us  is  merely  due  to  our  inadeqnate  melhodi  of 
obeervation.    By  this  socnnd  method  a  value  of  N  of  71  '5  x  1(1^  was  obtained. 

The  third  method  depends  on  the  fact  that,  when  the  dimension!^  of  thp 
particles  are  sutlirioiilly  large,  many  of  tho  impacts  of  the  water  iiiolecnlea 
will  be  directed  more  or  letM  tangential]^,  and  i^o  cauKe  rotation  of  the  particles^ 
whiefa  ottD  be  ebserved  when  Siese  contain  some  distingniahing  mark,  as  an 
indttsion  in  course  of  their  formation.  A  formula,  also  dll6  to  Einstein,  givea 
the  possibility  of. another  det<*rininati(>ii  of  N,  whic!!  cofiie"  f»n>  ms  G5  x  10-'-. 

If  we  compare  these  various  valuen  with  the  latest  and  most  accurate  me^sure- 
nieut  by  Millikan  (1917),  by  the  method  of  electric  charge  on  ga8  ions,  which 
gives  60'62  x  10>>  with  an  uncertainty  of  only  O'l  per  cent.,  we  roost  be  atruek 
hy  the  very  close  agreement,  and  have  no  hesitation  in  admitting  the  tmth  ol 
the  view  that  l^rownian  movement  is  the  same  thing  as  the  molecular  movement 
of  the  kinetic  ttieory.  Perrinn  latest  re.HulU  (1911,  pp.  1-2),  indeed,  give  valuea 
still  closer  to  the  number  found  by  Millikan. 

Expeiiroenta  were  aJao  made  by  the  second  method  with  modi  larger  particlae 
in  27  per  cent,  solution  of  urea  in  order  to  keep  them  in  auspension.  These 
*rave  a  value  for  N  rif  7.^x10'-.  Considering;  the  small  number  of  ilisorva- 
tioiui  made,  the  agreement  must  be  regarded  an  satisfactory.  Sinci*  tlie  founda- 
tion of  Einstein's  theorem  is  tlie  assumption  of  equal  partition  of  kinetic  energy, 
and  the  experimenta  showed  that  parades  differing  in  diameter  60,000  times 
gave  the  same  value  of  N,  they  must  be  looked  upon  aa  the  most  weighty 
confirmation  of  the  hypothesis  of  equal  partition  of  kinetic  energy. 

It  should  be  remembered  that  Ramsay  (1891)  advfx»ted  tho  view  that  Browninn  movement 
is  due  to  the  impacts  of  moleculcfl  of  the  liquid  a^ainxt  the  particles,  and  that  Hhuihuv  and 
8entcr  (British  Association  Reports,  1901)  concluded  from  the  tact  that  tho  density  of  culloidal 
solution »  of  arsemous  •ulpbiae  i*  the  same,  wiiether  measured  by  the  hvdrometer  or  by 
weighing,  that  the  partioMB  of  the  oolloid  hit  agaiiut  the  hydrometer  to  Boat  it  with  tlw 
same  energy  as  the  tnoleotdee  of  the  water  do. 

It  is  impossible  to  avoid  some  sati.sfaction  that  further  evidence  Ls  given  by 
Perrin's  experiments,  that  we  are  not  compellefi  to  be  content  with  equations 
derived  from  energetics,  since  the  visible  particles  of  these  experiments  behave 
preciaely  like  the  supposed  molecules  of  the  atomic  theory.  The  chemist  may  also 
wgud  his  stractonl  formuhe  with  more  satisfaction  of  their  approximate 
resemblance  to  actual  fact,  and  van*t  Hoffk  theoiy  of  solutions  is  confirmed. 

In  I  iririfction  with  the  ilhiatration  of  the  kitu'tir  theory  afforded  by  the  Brownian  move- 
ments, aa  pointed  out  a>>ove,  attention  tuuy  be  called  to  the  iact  that  theories  dealmg  with 
the  movement  of  molsculcH,  sut  h  aa  the  kinetio  theory  of  gssee,  are  eAsen  tidily  itatkdcaJ,  that 
is,  they  are  not  concerned  with  the  actual  energy  po«sp«s<xl  by  an  individual  molct  ule  at  a 
given  instant  of  time,  but  with  the  average  of  a  very  laiuu  number.  If  the  energy  of  u  single 
moleoale  at  a  given  momt-nt  of  time  could  be  measured,  it  might  be  fuumi  to  l>e  a  very  long 
way  off  from  the  mean.  The  valuable  essay  by  (iuyo  (1917)  on  the  application  of  the  oalcnlus 
oi  prubabiliticij  to  phyiiicu-chemical  and  bioU>gical  questions  should  be  read. 

This  coiwiileranun  is  prolnihly  that  which  lies  at  tho  basis  of  tlic  ]><>ssibility,  to  which 
Donnas  has  called  attention,  that  a  living  organism  might  appear  to  evade  the  eeoond  law  of 
energetics.  If  we  look  upon  an  individual  organism  as  a  raolecnle  in  respect  to  the  world 
of  similar  orgunisniB,  it  Iocs  not  sooni,  jtritna  fin  ic,  iiltojL'rthfr  im}v>'<sihl('  that  its  aftiviti!  ^ 
might  ao  far  differ  frum  tho  mean  as  to  ountravc-ne  the  lawn  de«lu(red  from  tho  general  nvaiM. 
Bat,  in  point  of  fact,  we  do  not  meet  with  deviations  of  this  kind.  We  know,  for  example, 
that  if  wo  stimulate  thi-  vapis  nerve,  the  heart  will  certainly  stop,  frrrpf  some  r<mntcr.i.- ting 

rioy,  such  aa  atropntu,  is  present,  which  toe  can  iay  our  ^hnytr  njtoH  and  allom  jor^  in 
order* 

OTHER  CONDITIONH  OF  STABILITY, 

Although  the  Brownian  movement  Is  the  cliief  cause  ut'  tlie  permanency  of  the 
cnUoidnl  state,  thei*e  are  some  other  conditions  which  play  a  part.  Tlii>  denrnty 
of  the  medium  in  which  the  particles  are  suspended  will  clearly  ha^e  an  cil'ect. 
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The  greater  the  density,  the  less  the  effective  weight  of  the  particles,  hence  tbi 
greater  will  be  the  buoyant  eifect  of  the  bombardment  by  the  water  molecules. 

The  pre^ieace  uf  an  tkciric  charge  will  also  tend  to  prevent  aggrt^ation,  ou 
•oooant  tut  mntiial  rapulrioii.  J£  by  uy  mewas  a  number  of  the  partiolee  are  giveo 
o[)pc)Hlt€  charges  tO  the  remainder,  aggi^gatioD  will  naturally  be  brought  about  by 
iiiutiJ  il  attraction.  Tlii.s  question  will  l>f>  di'icugsed  below.  That  the  eloctxw 
enlarge  is  not  the  sole  cautte  of  permanent  suspension  is  shown  by  the  fact  that  it 
can  be  redudbd  to  zero,  without  affecting  the  stability,  as  in  the  expeiimeut  of 
Svedber^,  given  on  page  84  above,  where  the  Brownian  movement  wae  unalfecAed. 

The  opposing  action  of  mechanical  surface  teorion  and  electric  charge  has 
already  been  indicated.  Lewis  (190i),  .'i)  shows  how,  with  a  givf>n  el-'ftrical  ehnru'p, 
at  a  certain  definite  radius  of  the  particle,  the  surface  energy  wiii  be  at  a  miniinuui, 
and  therefore  the  stability  at  a  maximuoi.  It  will  be  remembered  tliat  the 
mirCaoe  tension  is  tangential  and  the  electrio  force  radial,  so  that  it  Is  only  the 
radial  OMnponent  of  the  former  which  is  opposing  the  electric  force.  This  latter, 
however,  act8  inversely  as  the  fonrth  power  of  the  diameter,  while  the  former  acts 
inversely  as  the  simple  diameter. 

The  vutcosUy  of  the  external  phase  should  also  be  referred  to.  Increase  of 
internal  friction  of  the  medium  cl  suspension  will  increase  the  time  taken  for 
particles  to  fsU  under  the  action  of  gravity. 

THE  COLOUR  OF  SOME  HYDROSOUS 

Tnt<»resting  evidence  of  the  gradual  transition  from  molecules  to  colloidal 
particles  is  aflordeii  by  the  work  of  Svedberg  (1909,  '1)  on  the  colour  of  gold 
hydrosols.  Witli  increasing  di8per8iou,  that  is,  more  minute  subdivision,  the 
colour  of  the  colloidal  solution  of  gold  approximates  more  and  more  to  that  of  a 
gold  salt  in  tru  -  -  flution,  or  the  colour  of  the  gold  ion,  supposing  the  anion  to  be 
colouilfHs.  The  absorption  in  tlie  spectrum  shifts  more  and  more  towards  the 
ultra-violet,  where  gold  cliloride  possesses  a  eharacteristic  absorption.  Wuhler 
and  iSpengel  (1910)  have  shown  alno  that  coarsely  colloidal  platinum  is  of  a  more 
or  lestt  violet  colour,  which  becomes  more  and  more  like  the  orange  colour  of 
pUtinnm  salts  as  the  dispersion  is  iucreiised.  Wo.  C^twald  (1911)  shows  that  the 
maximum  of  ab8orp>t!'>Ti,  ;iy  a  general  rule,  gnwlually  passes  to  the  shorter  wave 
lengths  as  the  particles  tecome  mtuUler,  ho  that  the  colour  of  the  solution,  that  is, 
the  colour  of  the  light  transmittedf  changes  from  blue  or  green  to  red  and  yellow. 
For  further  details,  the  reader  is  referred  to  the  interesting  article  by  the  bust 
named  author. 

The  relationship  between  the  dimensions  of  the  particles  and  the  wave  length 
of  the  light  absorbed  obviously  suggests  etfcct«  of  rmonnnce,  ot  simple  relationship 
between  the  rate  of  vibration  of  the  particle  and  tliat  of  the  light  absorlx'd. 

This  phenomenon  of  resonance  enables  &  curisithtnililu  amount  of  energy  to  bt*  iiccu in ii lifted 
from  a  »eri<  s  uf  pt-iiodii  itiij>uls<-s,  vnvh  of  ji  very  niinuto  energy,  and  aeserves  a  little  oaa- 
sideration.  Suppose  a  pt  iiduluiii  with  a  rate  of  vibration  of  one  aeoond,  reotumed  as  the  timo 
elapsing  between  t)i<-  passage  through  any  ptmitiun,  and  then«xt  paange  in  the  Mtme  direction. 
If  we  start  with  siu  li  ii  jiriMlnlnin  ;it  ivst,  and  give  it  a  very  sli^jht  push  in  iho  plane  of  it« 
vibration,  and  ro|K;at  this  at  int«rval8  ot  one  8c<;ond,  it  in  pctt^ible  to  get  up  a  coiwideimbW 
MnpUtude  of  vibmtian  ;  each  impulse  adds  it^  effect  to  that  of  the  previoat  onea  Unlett  the 
inten-al  between  the  periodic  impulsc-s  is  ;i  multiple  of  tlie  finie  tif  vibratinn  of  the  pendulum, 
only  a  very  nmaU  amplitude,  if  any  at  all,  will  be  obtained,  ninoe  it  wili  only  occasionally 
happen  that  tii<-  impulse  is  delivered  in  the  same  dizeotion  in  which  the  pendulum  is  moving ; 
all  other  impulHeH  will  nitard  the  movement,  eneigjr  fron  the  peudalum  being  given  back  to 
the  Uxiy  protlueing  the  ]K>riodic  irapulseH. 

Thi.s  resonance  process  phiys  a  large  part  in  decomposition  by  light  and,  if 
we  remember  the  rates  of  vibration  of  light  and  of  molecules,  we  realise  Utte 
pos.sibility  of  considerable  energy  changews  in  C4)mparatively  short  times.  The 
rate  of  vibration  of  the  light  of  the  D  line  of  audium  is,  in  fact^  about  5  x  10*^  pw 

second. 

liesonance  also  comes  into  play  in  the  production  of  powerful  high  frequency 
electrical  discharges,  as  used  in  electro-therapeutics,  and  in  the  action  of  the 
auditory  apparatus,  according  to  the  theory  of  Helmholtz. 
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An  instructive  mtxlel  to  illustmte  the  pheaomenA  of  reaonuice  has  heea 
designed  by  Burch  (1913,  p.  490). 

0 

THE  ELECTRICAL  OHARGB 
The  fact  that  oontaot  surfaces  between  phases  are  nsually  the  mat  of  diifereiioes 

of  electrical  potential  }ias  been  referred  to  in  the  previous  cliaptcr.  It  is  not 
surprising',  therefore,  to  find  that  such  chwges  play  a  large  part  in  the. properties 

of  the  colloidal  state. 

The  origin  of  these  charges  w  clearly,  in  many  cases,  electrolytic  dissociation. 
Imagine  s  partiele  of  silicic  acid  in  water.  This  particle  consists  of  a  very  great 
number  of  molectil^.  Silicic  acid  must  be  supposed  to  be  not  wholly  insoluble 
in  writer.  Tlic  (niter  layer  of  inoloeiilrs  will,  tljercfort*,  W  di 'socMatrd.  TT'  ions 
will  travel  off,  in  fu-cordancu  with  their  gi^t  luobility,  while  the  silicute  unions, 
probably  on  account  of  their  relative  insolubility,  remain  a^  a  layer  on  the  outtir 
Burlaoe  of  the  particle.  This  partiele  will  then  have  the  negative  charges 
corresponding  to  a  large  number  of  dissociated  molecules  and  will  behave  as 
a  multivalent  anion.  Similar  considerations  wiM  apply  to  all  acidic  substances 
in  the  colloidal  stiile.  Tf  \vxh\(\  such  a«  aluinmium  hydroxide,  OH'  ions  will 
be  given  o£^  leaving  a  nmltivalent  cation.  Substances  of  the  kind  here  described 
are  caUed  by  Hardy  (1910)  electrolytic  colloids"  and  the  huge  aggregate, 
partially  dissociated,  a  **  pseudo-ion  '*  or,  preferably,  a  *'  colloidal  ion." 

When  NiK-h  a  colloidal  Holiitiun  Ih  exiimiriecl  tfv  ultn.  niirrt«ff»pe,  the  {uirtic-les  arc  f  lund 
to  bo  of  varifjus  sizes,  but,  if  exposetl  Lu  tlic  fic-lii  kM;twet!H  upposiUily  charged  oltxjtrcxle.s,  they 
sU  nove  at  thu  snmu  rate.  The  differeno-s  of  potential  between  them  and  the  external  water 
phaAe  inust  therefore  be  the  sanit-  fur  all.  It  follows  that  tljo  r^hargfl  must  bo  directly  pro- 
portional t4i  their  mxe.  While  »  ii  w  ion,  of  the  ttame  elmiuicai  oonipoaition,  always  carries 
the  ^atiic  charge,  these  eolluiilal  ions  carry  variable  charges,  altboagh  the  chemical  nature  is 
unaltered.  If  the  charae  be  due  to  aurfooe  diasooiatioD,  as  deflcribeu,  it  ift  natural  thai  more 
ions  should  be  producea  on  a  large  surface  than  on  a  amaller  oue. 

Some  colloids  are  electrolytically  dissociated  in  water  to  as  great  a  degree  as 
many  incnganie  salts  are^  Dyes  with  a  large  molecular  wdght^  such  as  Congo-red, 
helong  to  this  class.  The  precise  nature  of  their  solutions  is  nut  yet  clear,  since 
the  osmotic  pressure  is  less  than  would  1)g  expected  from  their  condnctivity  (see 
my  work  on  Congo-red,  etc.,  ItaylisH,  1911).  Salts  of  proteins  with  a  strong  acid 
or  base,  such  as  sodium  caseinogeuatu,  or  globulin  hydrochloride,  belong  to  this  clans. 

Now,  Omgo-red  is  a  sodium  salt  and  presumably,  on  dissociation,  Na*  ions  will 
lie  formed.  These  ions  can  reatlily  pass  through  parchment  paper,  as  shown 
l.v  t!ie  dilTusion  through  it  of  .*;oflium  chloride.  But,  in  the  presence  of  the  - 
colloidal  anion,  they  are  held  back.  How?  The  answer  is,  by  electrostatic 
attraction.  An  ion  cannot  leave  the  immediate  neighbourhood  of  an  oppositely 
charged  ion,  unleBS  much  work  is  done  in  overcoming  the  attraction.  For  this 
reason,  the  H*  ions  in  the  ca.%  of  silicic  acid  are  held  in  close  proximity  to  the 
oppositely  charged  particle,  forming,  in  fact,  one  component  <»f  a  ITelmholt/, 
double  layer.  Certain  important  phenomena  due  to  colloidal  salts  ixmnded  by 
membranes  are  due  to  the  same  fact,  as  will  be  seen  in  the  following  chapter. 

SnbstMioes  like  Congo-red  and  salts  of  caseinogMi  may  be  called  "  electroly  tically 
dissociated "  colloids,  to  distinguish  them  from  the  electrolytic  colloids  of  Hardy. 
At  the  sHme  time  it  may  turn  out  that  the  two  are  essentially  the  same,  since 
the  largo  c<»lloidal  ion  may  really  consist  of  aggregates  of  ions  in  Iwth  cases, 
although  in  the  former,  these  aggru>^ates,  if  present,  are  too  small  to  be  resolved 
by  the  ultra-microaoope ;  the  utmost  that  can  be  seen  is  a  faint  base.  Another 
form  of  SQch  colloids  is  that  of  the  "ionic  micelle"  of  M*Bain  (1920),  which 
ronsi'^ts  of  an  aggr^iate  of  ions  and  nndiasociated  salt^  ti^ther  with  molecules 
of  water. 

There  are  certain  facts,  however,,  which  cannot  be  n^lected,  not  readily  to 
be  explained  on  the  basis  of  electrolytic  dissociation.  Quincke  (1898,  p.  217) 
noticed  that  a  great  variety  of  inert  substances,  paper,  charcoal  and  so  on,  have 

a  nej?ative  charjje  in  water.  The  so*n'h\r  <>har<4e  on  drops  of  petroleum  (Lewis) 
and  of  aniline  (Kidsdale  li^llis)  has  already  been  mentioned  (page  53  above),  and 
the  difficulty  of  explanation  on  a  purely  chemical  beals  was  pointed  out    On  the 


Digitized  by  Google 


90  PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


other  hand,  as  Hardy  has  shown  (1912,  p.  ^32),  a  mere  trace  of  a  chemically- 
active  substanco,' present  as  impurity,  such  jus  an  ester  or  oleic  acid,  is  sufficient 
to  cause  the  spreading  on  water  of  a  heavy  hydrocarbon  oil  wbidi,  when  puit, 
does  not  do  ao.  This  being  so,  a  chemical  explanation  of  all  the  above  caaea  must 
not  be  too  liastily  set  aside. 

But  al.-io,  it  must  n  t  In  f  i  i,  itti  ti  tfiut  electrical  charges  can  be  conferred 
by  other  means  than  eiectroiytic  dissociation  in  the  usual  sense.  It  will  be 
sutiicient  to  r^fer  to  the  phenomena  of  frictional  electricity.  The  separation  of 
poaitive  and  native  electricity  here^  and  the  aouroe  ol  tbe  eleetrioal  enefgy 
resulting,  must  be  looked  for  in  the  mechanical  work  of  tearing  apart  the 
constituents  of  \W  double  layer,  although  the  way  the  double  layer  itaelf  is 
pr<)duc-e<l  is  not  quite  clear, 

Hudge  (1914)  tinds  that  du^t  ,  blown  up  so  as  to  make  a  cluiul,  Ix-comeii  highly  charged,  and 
that  thft  sign  of  the  obarge  dopend.i  on  the  ehenioal  nature  of  the  parBctos.  "Aeifiic" 
Bubatances.  auoh  as  sand  or  molylHlic  acid,  become  negative,  "  Ue  ir  -nHufnnff^.  such  as  coal, 
flour,  red  lead  or  alkaloids,  become  positive.  The  ^ts  show  Uiat  the  chaigcH  uf  frictiimai 
ekotrioity  may,  after  all,  be  dve  to  efeotrolytio  dissoeiation. 

The  various  phenomena  connected  with  the  electrification  <A  naea  and  the 
action  of  ultra  violet  light  arc  also  to  be  remembered.  Tt  is  possibly  such  facta 
that  caused  Lewis  to  sugfEfCst  an  "electmnic"  oriLjin  for  the  charge  in  certain 
cases.  It  appears  to  be  the  point  of  view  taken  by  Perrin  (1 904  and  li*05^  m 
his  work  on  ejectrification  at  the  anrfaco  ol  contact  between  aolida  and  liquids. 
This  obserirer  found  that  no  electrical  chaigea  are  present  except  in  ioniaii^ 
Ii(juids,  such  as  water,  alcohol,  etc.  None  was-  found  in  ether,  chloroform, 
turpentine,  ete.  But,  as  Hardy  points  out  (1^10,  p.  193),  the  absence  of  migra- 
tion in  a  non-conductor  does  not  necessarily  prove  the  absence  of  potential 
difference  between  the  phaaea. 

Although  many  of  the  cases  described  by  Pterrin  oan  be  explained  on  the  basis  of 
eleotrolytic  coIloiuR,  as  stated  above,  it  must  he  admitted  that  in  such  cases  ns  chui-c^wiK 
carborundum,  cellulose,  etc,  the  hypothesis  of  toui^tion  seems  itither  forced.  It  doe^  not  >mtA»\, 
matters  greatly  to  point  to  the  exialenoe  of  graphitic  acid  in  thu  (  omo  of  charcoal,  while  the 
Higii  of  Hie  charge  tm  aniline  is  oppositf  to  that  which  one  would  ox|K'<  t  from  elef'lrolytic 
diiMOc-iation.  The  existence  uf  u-iiy  eliarge  uii  petruluuui  drops  is,  moreover,  a  difficulty.  How 
far  the  presence  of  impurities  may  account  for  some  of  these  facts,  as  in  Hardy's  experiments 
on  surface  tension  (19 1*2,  p.  632),  is  at  present  unoertain.  It  would  be  interesting  to  know 
whether  Hardy's  pure  hyrlroearbon  oil,  which  does  not  spread  on  water,  has  any  charge  on  its 
surface  of  (uiitiK  t  willi  w  ater. 

Ad  experiment  of  Gee  aitd  Harrison  (1910,  p.  4ti)  is  interosting  in  this  otmnection. 
Alicarin  <one  part  in  10,000)  forms  a  colloidal  solution  in  2*5  per  cent,  alcohol,  and  a 
tr\if  sfilntion  in  60  per  cent,  ah  i.hrd.  When  a  current  is  paswd  through  this  latter  solution, 
no  migration  of  the  dye  o«H;urs,  sd  tliat  it  is  not  ionined,  nor  has  it  any  charge  at  all. 
In  the  oolloidal  solution,  along  with  th*'  turmatian  of  a  contact  surfaoe«  the  particles  have 
u  charge  aiid  move  in  the  electric  field.  Apparently,  then,  this  charp;  cann<tt  fje  tine  to 
electrolytic  dissoctiation,  since  the  molecules  in  true  solution  are  noi  ho  <liH&tx:iuU-d.  In 
strengths  of  alcohol  intermediate  between  the  above,  the  rates  of  migiation  of  the  partielei 
showed  all  interme<liate  stages.  The  interpretation  of  this  experiment,  as  it  seems  to  nie, 
is  not  quit*  simple.  Owing  to  the  lower  dielectric  constant  of  alcohol,  a  less  charge  Hould 
Im)  expected,  ancJ,  moreover,  I  have  found  that  the  temperature  coefficient  uf  conductivity 
of  a  suspension  uf  well- washed  aUsarin  in  water  amounts  to  3*2}),  a  value  greater  than 
that  which  «ron1d  be  given  by  a  traoe  of  foreign  electrolyte,  in  ^t  28  per  oent.  more 
thjiii  th  it  of  ixittiHsium  chloride,  ami  iiidii  Mf  in^  some  slifjht  true  solubility  and  elertrolylic 
dissociation  of  alizurin  itself  (see  page  77  above).  If  this  is  so,  the  electric  obarge  may 
well  be  due  to  surfaoe  ionisation,  with  praduotion  of  oolloidal  negative  kms,  similar  to 
thoHi^  of  silicic  acid.    We  know,  indeecl,  that  alizarin  does  Kehave  as  a  weak  acid. 

Oil  the  \v}iole,  the  (juestiiiii  uf  the  urii^'iri  of  the  cluir-^t*  in  eert.ain  eases  requires 
fiirtlu  r  iinestif^ation,  althouf^h  it  seeniH  that  Ferrin'.s  view  of  contact  elei-ti  ifi -ation 
ha.*t  eun.Hiderublc  justification.  In  the  majority  of  cases,  thero  is  no  doubt  that 
electrolytic  diasociation  ia  the  cause  of  the  charge. 

One  ixjssibility  should  i-oferred  to,  although  the  experiments  of  Eliaaafov, 
t<»  be  dt'sci  ilxd  in  thi>  next  se<;tion,  do  not  support  it.  Tf,  ut  tbe  contact  of 
all  insolubN'  '^'!l)stuii(  e "  with  water,  there  is  surface  tension  of  the  onlinarv 
ni<H;iiauieal  kiuti  and  a  trace  of  an  electrolyte  be  added  to  the  water,  it  is 
conceivable  that  one  of  the  iona  into  which  the  electrolyte  diaaociatea  may  produce 
a  greater  diminution  of  surface  energy  than  the  other  one.   Thia  ion  would  then 
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be  conoeiiiimted  At  the  mtorfooe^  giving  rise  to  an*  electrical  charge^  The 
ejcperimenta  of  lAcfae  and  Mkhaelis  (1911)  show  that,  when  a  charge  ia  already 

prcMont  on  the  surfftco,  ions  <if  the  opposite  sign  arc  a<i>rnl  i(  there.  Tf  an  ion 
decreaiies  surface  energy,  it  may  l>e  adsorbed  anfi  confer  a  ciiarge       p.  OB  above). 

InvestigatioD  on  the  eluctric  charge  cau  be 
made  by  Parrin's  method  (page  71  atwve),  when 

the  Ruhatanoe  can  be  vaadti  into  a  phig,  such  aa 
paper,  siind,  etc.  In  the  ca~so  uf  colloidal  solu- 
tions which  can  be  dialysod  free  from  electrolyte 
th«  method  of  Whotham  (1893,  pp.  342-345)  is  the 
best.  The  solution  is  run  alowly  into  the  Ujttum  of 
the  bend  of  a  U-tube  (Fig.  41)  which  is  already  half 
filled  with  distilled  vat«r  or  Uie  final  dialjrBate,  which 
was  in  eqnililirinBi  with  fhe  colloidal  nolotloti,  to 
which  a  little  alcohol  may  he  added  in  r  t  li  r  to  lower 
ita  deoaity  slightly.  A  sharp  booDdary  surface  is 
thna  fanned  hi  both  linfae  of  Uie  tube.  When 
plpctrodes,  having  between  them  a  p  it«  ntial  dilTcrence 
of  iOO-2UO  volts,  an;  placed  in  the  waiter,  uutj  i^t  the 
top  of  each  limb,  tlie  boundary  surface  rises  in  one 
liinl>  and  fallj?  in  the  other,  tho  colloidal  particles  being 
carritxl  towards  the  electrode  of  opposite  sign  tu  them- 
«eltre%  and  thdr  tate  of  movotnent  can  be  roeaBund. 


OF  KLECfttOLYTBS 

of  th(!  properties  of  colloidal 


ACTION 

Sincf*  inHny 
particiey  depend  oo  their  electric  charges,  it  is 
to  be  expected  that  the  charged  ions  present  in 
•olntioiis  of  eleetrolvtes  would  haTe  a  oonsiderw 
able  effect  upon  these  ptopertieB,  Such  is 
found  to  be  the  case. 

The  presence  of  H'  or  OU'  ioiiH  was  found 
by  Penrin  (1904,  p.  625)  to  exMvise  an  enor^ 
moos  effect  on  the  potential  difference  at  the 
contact  of  inert  solids  with  water.  Naphtha- 
l»*ne,  for  examj>le,  is  electro  positive  in  U  000:2 
molar  hydrocidoric  acid  and  negative  in  sodium 
hydroxide  of  the  same  concentration.  This 
seems  to  be  a  law  which  applies  to  the  great 
majority  of  insolubje  bodies,  but  not  to  all. 
CelIuloH»»  i^  negative  even  in  ()*00"2  molar 
hydrochloric  acid,  though  less  so  than  in  alkali. 
Univalent  ions,  other  than  H*  and  OH',  such 
as  Ka*  and  CI',  have  ccHDsparatively  little  efiect. 
Multivalent  ions,  on  the  other  hand,  have  a 
jKiwerful  effect.  Suppose  that  a  substance  is 
in  contact  with  a  weak  alkaline  solution,  so 
that  it  has  a  negativd  chaiige,  the  addition  of 
a  moltivalent  electro^positiTe  ion  will  greatly 
reduce,  annul,  or  oven  reverse  the  sign  of  the 
charge  on  the  snrfri(<*  and  this  in  very  low 
concentrations,  biiniiurly,  nmialu  mutandia^ 
will  tlie  presence  of  a  multivalent  eleotro- 
negative  ion  reduce  the  charge  of  an  electro- 


Fici.  41.   Appasatcs  for  DStmillll- 

TVn  TKK  SIiiN  (»K  THK  KLROTBICUhL 
CIIAIUiK  OF  COUiUIUAL  fAKIlCUV. 

—(Hardy's  modifieatlon  of  Wbe- 

tharii'.s  nit'thrtd  of  me»«uring  the 
migration  rate  of  ooloureil  ions 
—Jowr.  Phymol.,  33.  p.  289.) 
The  nppor  part  of  cat  h  limb  of 
tho  U-lubc  is  filled  with  water, 
which  has  been  dialystnl  into 
equilibrium  with  the  diffusible 
electrolytes  of  the  oolloidal  sola* 
tion  under  investiaation.  The 
lower  uart  (shaded  obli<j|uely)  ooa- 
tains  tiie  oolloidal  solation.  Thiv 
solulifjii  has  l»ecn  run  in  rIowI}' 
from  the  bottom  under  the  water. 
lATge  jplatimim  eleetrodea  are  in- 
serted in  tho  water  at  tho  top  of 
each  limb,  and  oonneettxl  with  a 
potential  difieranee  of  1(10  200 
volts.  Tlie  |v>«iti»m  of  the  two 
menisci  lu  the  ligure  is  such  a.<« 
would  be  shown  by  an  "electro- 
negative  colloid"  after  expoaure 
to  the  eleetrie  field  for  two  hours 
or  eo. 


positive  surface. 

What  will  be  the  effect  of  such  alterations  of  charge  on  Uie  suspended  particles 
of  colloidal  solutions  1 

The  fact  that  salts  precipitate  gold  hydrosols  was  known  to  Faraday  (1858, 
p.  165),  and  it  was  this  action  of  salts  which  first  attracted  the  attention  of 
investigators.  Schultze  (1S82)  noticed  that  the  power  of  various  electrolytes 
was  greatly  iiu  ieased  by  valency,  indeefi  much  beyond  relation  to  the  increased 
Dumber  of  electric  charges.     Hardy  (1900,  i.  p.  241),  by  more  quantitative 
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methods,  formulated  a  law  according  to  which,  if  we  call  the  precipitating  power 
of  a  univalent  ion,  that  of  a  bivalent  ion  wiil  be  x^,  and  that  of  a  trivakat 
on^  WheUwm  (1899)  dwwed  tbab  tiiiB  vesnllf  oould  be  dedveed  from  tin 
theory  of  probabili^.  Suppose  that  the  charge  <^  a  trivalent  ion  ia  required  to 
precipitate  a  cf^rUin  number  of  colloidal  particles ;  to  obtain  the  same  charge 
from  bivalent  iuns,  these  particles  will  have  to  meet  two  instead  of  one;  and 
if  from  univalent  ions,  three  will  be  necessary.  Now  the  chances  of  meeting 
two  or  three  separato  ions,  ineteed  of  one  only,  are  proportional  to  the  square 
and  cube  of  their  concentration. 

Hard_v  prm  eeded  further  io  show  (1900,  1,  p.  242)  that  the  active  ion  is  th*t 
one  whojic  ch  ir<,'<  is  of  tlie  opp<j8tt*"  Hiorn  to  that  of  the  colloid  procipituted.  He 
gives  the  fuliuwiug  geuAral  statement :  "The  coagulutive  power  of  a  salt  is 
determined  by  the  vMeney  of  one  of  ite  iom.  This  prepotent  ion  in  either  the 
negative  or  the  positive  ion  according  to  whether  the  colloidal  pai-ticles  move 
down  or  up  the  potential  gradient.  Tlie  cofifni^'^ting  ion  is  always  of  the  OppOBte 
electrical  sii^'n  to  the  jwirticle."    This  is  known  as  "  Hardy'ti  rnle." 

It  may  be  asked,  how  do  wo  know  which  is  tlio  active  ion,  since  we  cannot  adti 
one  without  the  other  t  This  is  possible  by  taking  a  series  of  salts  with  the  same 
anion  or  the  same  cation  respectively.  We  find,  for  exampU',  tliat  potassium 
cliluridt^  suljihatf,  and  phosphate',  of  the  same  concentratitm  in  K"  ion,  have  the 
same  effect  on  a  ne<^ative  colloid,  Bay  arsenious  sulphide,  although  the  valency  of 
the  anions  is  i"e«pecti\  ely  one,  two,  and  three.  On  the  other  hand,  the  chlorides 
of  potawrium,  calcium,  and  hmthanum  difEeHr  widely  in  their  action.  On  a  pontive 
colloid  the  members  of  the  latter  series  are  equal,  whereas  the  chloride,  sulphate, 
and  phosphate  of  the  same  metal  are  of  greatly  increasing  potency  in  the  order 
mentioned. 

The  following  may  b<;  given  ixa  instances  of  olectixvnegative  colloids:  gold, 
planum,  arsenions  sulpliide,  silicic  acid,  "insoluble"  organic  adds,  such  as 
cseeinogen,  mastic,  or  the  free  acid  of  Congo-red ;  suspensions  of  most  powders, 
rhnrcr>;il,  knnliTi,  etc.,  are  elcctro-negative.  The  hydroxides  of  aluminium,  thorium, 
iron,  are  electropositive. 

The  siutleiit  18  rucommcndcd  to  perfurm  the  following  experiments  Oil  snenioas  sulphide, 
made  by  ])ax-)ing  hydr()>^(>a  .sulphide  through  a  satnrsted  solution  of  areeniona  acid.  The 
r»^.Hul(inij  liydnKsul  Hhinild  l)e  tlialy»e(I.  On  Htandiiig,  tl»e  cojirse  particleH  will  siil^siilo.  Add 
to  aampMS  of  this  solutioa  an  equal  volume  of  OllOUOd  molar  lanthanum  sulphate,  0'027<>  molar 
oatoium  ohloride  and  0*74  molar  potonivm  diloride.  The  oonoentrations  or  the  mixturea  will 
th<  ii  l>u  as  .r  to  x-  to  jr*  in  La"",  Ca"  iind  K*  ion»  mspet  li vi'l y.  The  procipit.itiiiL'  }x)Wfi-s  will 
be  foiuid  to  be  alnrnt  equal.  Kxperimeutn  mav  alao  liu  mode  with  varying  amouulH  ;  it  will  be 
found  thai  a  ouncentration  of  Ca**or  K*  equal  to  that  of  La*  "  uHod  is  quite  inactive,  while  if 
the  conceritratiDii  itf  K'  \»i  tniknTi  equal  to  the  active  oup  of  Ca  it  al.-*i)  will  be  ioaotive. 
Correspouding  oxperiuiciit^  may  bo  mudo  with  a  hydrusioi  uf  ferric  hydroxide,  prepared  by 
dialvHiH  of  a  strong  solution  of  ferric  chloride,  which  ia  hydrolysed,  so  that  the  free  acid  i.o 
gradually  removed  ))y  difiuHion.  PotasHiuni  chloride,  sulphate,  and  phosphate  may  be  used. 
The  pliusphate  should  be  neutral  and  may  be  made  by  mixing  ton  parts  of  molar  phosphoric 
aoid  wit  h  IV*?  piirts  of  molar  sodium  hydroxide  and  diluting  to  a  concentration  in  PO,'*  ion 
of  about  OlXXIfi?  molar  (Prideauz,  1911).  The  oorreeponding  solutions  of  sulphate  and 
ohloride  nuy  be  Oil087  and  1  '35  molar  in  80/  and  01'  lona  reapeotively.  It  will  be  found, 
however,  that  different  pri'lKinilioiis  of  i  olloids  requirt-  different  CHjnccntnilifuiH  for  pnx  ipita- 
tioo,  owing  to  their  varying  decrees  of  dispensiou,  aa  will  be  shown  later.  It  may  oe  added 
ilMi  kuDtluiaum  is  used  ai  a  tnvalent  ion  on  aoooont  of  the  faot  <tf  the  minimal  hjdralytie 
disaoeiation  of  its  salts. 

Before  proceeding  further,  it  is  necessary  to  remark  that  the  two  great  classes 
of  colloids,  the  suspensoid  or  lyo{)hol)e  and  the  emulsoid  or  lyophile,  diflFer  widely 
in  their  sensibility  to  the  precipitating  action  of  electrolytes,  the  former  class 
being  very  sensitive,  the.  latter  compaiativQly  insensitive,  llie  difference,  however, 
is  merely  one  of  degree  and  not  fundamental,  as  the  following  facts  wilt  diow. 
Wiegnor  (1910,  p.  235)  showed  that  even  potassium  chloride  in  a  concentration  of 
2*5  millimolH  to  1,000  of  emulsoM  A.live  oil  and  water)  caused  obvious  aggregation 
when  observed  by  tlie  ultra-uticn>.^>pe.  Mines  (1912,  p.  211)  finds  that  egg-white 
is  at  once  precipitated  by  a  simple  trivalent  ion,  such  as  La"*,  even  in  a 
concentration  of  only  0*0016  molur,  although  comparatively  insensitive  to 
univalent  ions,    Hopkins  and  Savory  (1911,  p.  213),  in  their  investigatioii  of  the 
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properties  of  Bence  Jones  protein,  found  that  in  the  cold  the  precipitating  effect 
of  certain  ions  is  very  marked. 

The  mechanism  of  the  action  of  electrolytes  must  clearly  be  related  to  the 
iieutraliMation  of  the  electric  charge  on  the  colloidal  particles  by  the  opposite 
charge  on  the  precipitating  ion.  It  was  thought  at  one  time  that  the  charged 
colloidal  particles  were  kept  in  suspension  by  the  mutual  repulsion  of  their  similar 
charges ;  in  such  a  case,  their  stability  should  be  least  at  the  exact  neutralisation 
point  and,  when  excess  of  the  precipitating  electrolyte  is  added,  so  as  to  give  the 
particles  a  new  charge  of  the  opposite  sign  to  their  original  one,  the  condition 
should  also  be  a  stable  one.  Although  in  many  cases  this  seems  to  be  the  case, 
ill  others  the  maximum  stability  has  been  found  not  to  be  exactly  at  this  point. 
The  presence  of  the  Helmholtz  double  layer  puts  theoretical  difficulties  in  the  way 
of  accepting  the  mutual  repulsion  of  particles  as  being  directly  responsible  for  their 
permanent  suspension.    However  this  may  be,  it  is  clear  that  the  presence  of 


Fig.  411  Ao<;rk(JATI«>n  by  ei.kctkoi.vtes.— Photo-micrographH  nf  I»1»kh1 
corpuHclcs  of  Scyllium  canicula,  suspended  in  half-nomial  so<lium 
chloride. 

A,  effect  of  addition  of  Q-OUOS  molar  oeriuin  chloride. 

B,  that  of  0*08  molar  cerium  chloride. 

The  dilute  trivaleiit  ion  rausefi  a*nrr<Tration  hy  reversin?  the  si^Ti  of  the  charire  of  a  part 
only  of  the  <"orpuscle«.  The  conrtntrated  iioliitton  cauws  rapid  revcrual  of  the  charge 
to  the  poMtive  aii^n  on  all  the  corpiuclea  together. 

(After  Minos.) 


electric  cl  arges  of  the  same  sign  is  likely  to  be  a  hindrance  to  their  mutual 
coal€tcenct\ 

The  mechanism  of  the  precipitation  by  electrolytes  is  well  illustrate<l  by  the 
following  experiment  by  Minos  ( 1 9 1 2,  p.  227).  The  blcKxl  corpuscles  of  Scyllium  are 
agglutinated  (aggregate<l)  by  cerium  chloride  in  a  concentration  of  O'OOOH  molar, 
as  shown  in  Fig.  42.  In  a  concentration  of  0*08  molar  they  remain  in  suH[)onKion. 
Tostwl  V)y  their  direction  of  migration  in  an  electric  field,  the  corpuscles  are  found 
to  have  a  negative  charge,  when  in  sodium  chlori<le  of  a  strength  corres|)onding  to 
that  of  the  blootl  plasma  of  the  fish.  In  the  strong  cerium  solution  the  charge  is 
completely  reversed,  and  the  coqiuscles  are  electro  p<fsitive.  When  the  (liluto 
solution  is  adde<l,  certain  of  them  have  their  charge  reversed  Ixjfore  others ;  these 
[•ositive  ones  will  unite  with  negative  ones,  forming  aggregates  large  enough  to  fall 
rapidly  under  the  influence  of  gravity. 

The  fact  that  excess  of  oloctrolyte  does  actually  reverse  the  sijrn  of  the  charge  on  particles 
can  be  investigated  by  an  amxiratus  on  the  plan  of  that  of  Ridsdivlc  Kllis  (1912,  p.  .3.19)  wlii<;h, 
hv  the  nsc  of  iion  polariHablo  electrodes,  avoids  the  production  of  gas  and  other  troublesome 
electrolytic  disturbances. 
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If  the  cliaige  uu  particles  is  neutralised  or  reverjicd  by  the  adtiorptiun  of  ions 
o£  opposite  sign,  it  follows  that  these  ions  must  be  carried  down  wiUi  the 
'  practpitata  This  Has  been  shown  to  be  the  ease.  linder  and  Picton  (1895,  p.  66) 
found  that  when  anenioiM  sulphide  is  precipitator!  l)y  barium  chloride,  the  Ba-  1 
ion  goes  down  with  the  precipitate,  while  tin*  li(}ui«l  bwomes  acid  frorn  tho  liydro- 
chloric  acid  set  fi-ee.  This  Ba* '  ion  is  held  fast  to  the  precipitate  by  electrantatic 
forces,  since  it  cannot  be  removed  by  mere  wa^shing  with  water,  although  it  cao 
be  replaced  by  another  cation,  when  washed  with  a  aolmtkm  ol  a  salt  of  tbia  Utter. 
In  connection  with  this  fact,  an  observation  by  Paine  (1912,  p.  62)  is  of  interest 
Colloidal  copper  is  clt ctro-positivo  (probably  due  to  a  coating  of  hydroxide)  and  the 
precipitating  ion  is  naturally  the  anion.  When  this  is  CI',  by  repeated  washing 
of  the  precipitate  it  can  be  removed  and  the  colloidal  solution  formed  anew.  When 
bivalent^  aa  SO/,  mere  washing  will  not  remove  it;  but,  if  first  treated  witb 
sodium  chloride  in  excess,  ho  as  to  replace  the  SO/  by  CI',  Uien  water  will  r«*tore 
the  original  colloidal  solution.  This  illustrates  the  more  powerful  action  of  the 
bivalent  ion. 

lu  oonnoction  with  t^is  revursiblo  c<i4iguUiiun,  it  in  imporiant  to  noU'  that  it  has  given  ihe 
opportanity  to  Oil«''ii  and  Olilon(19I3)  to  investigate  the  dinK  tisioiis  of  the  aggreigates  before 
precipitation  and  after  resoRponsion.  Hydrosols  of  silver  or  of  sulphur,  after  aggrrgat ion  hy 
ammonium  nitrate  or  hy  sodium  chloride,  can  be  reauspcnded  by  washing  with  water. 
InveBti^tMl  by  the  ultra-mtorosoope,  theHe  now  sohnions  are  found  to  consist  of  partideaof 
t  he  Hame  dimensions  as  ihe  original  one<<.  It  would  appear,  therefore,  that  in  the  process 
aggregation,  no  actual  fuHion  takes  <• ;  otherwise  it  is  diflicalt  to  understand  how 
•eparation  into  jiarticlos  of  the  same  size  an  lu-foic  rould  be  ensure*!. 

The  carrying  down  of  the  precipitating  ion  with  the  preoipiUtte  is  explained  by  Linder  and 
Picton  (190.5,  p.  1914)  as  doe  to  mlt  formation.  That  this  is  not  so  is  shown  by  quantitative 
relations,  <  Perrin  (1!K>5,  p.  60)  finds  lliif  t  ri.'  nfrvrn  of  lunthiiiuun.  as  nitralts  will  precipitate 
42.^)  atoms  of  araeuio,  as  sulphide.  Fui  ther  evidence  of  the  same  nature  is  given  by  Hopkins 
and  Savory  (1911)  in  tine  osM  of  the  Beooe-Jonee'  protsin  and  will  be  referred  to  under  the 
head  of  proteins. 

The  actual  niimlicr  of  ions  carried  down  is  of  interest.  Burton  (10(>*i) 
estimated  the  nuniijer  of  aluminium  ions  adsorljed  by  a  particles  of  a  certain  i 
preparation  of  colloidal  Hilver  to  be  2  x  10'.  It  is  unfortunate  that  an  aluminium 
salt  was  chosen,  because  these  salts  are  hydrol\ ticHlly  dissociated;  lanthanum 
should  liave  been  used.  But  an  approximate  idea  of  the  numlier  of  atoms  in  a 
colloidal  particle  can  Ik)  obtained  by  rnml  iiiing  this  value  of  liurt<»ii's  with  thnt 
of  Perrin  given  alvjve.  One  I^a  "  ion  preci]>itate8  42i>  atoms  of  areenic  in  tliH 
sulphide,  so  that  the  nuniUir  of  atoms  in  sucii  a  colloidal  particle  is  somewhen^ 
about  425  x  2  x  10^  or  8'5  x  10*.  Of  course  this  only  refers  to  one  individual 
hydrosol.  The  dimensions  of  the  particles  v;iiy  vc^ry  widely.  In  the  case  of  the 
free  acid  of  Congo  red,  I  found  (1909,  p.  2s;})  by  an  ultra  microscopic  method 
that  the  mass  of  each  particle  was  approxiumtcly  2'3  x  10~^^  mg.  Tnkina:  the 
mass  of  the  hydrogen  atom  to  be  l"6xl0~-^  mg.,  that  of  the  molecule  of  i 
the  acid  (molecular  weight » 652)  is  1'04  x  lO^i* ;  so  tiiat  there  would  be  2  x  I 
molecules  in  each  particle  on  the  avetage.  Bach  molecule  contains  70  atoms,  so 
that  there  would  be  70  x  2  x  1 0^  atoms  in  each  particle,  or  about  one^sixth  the 
numl)er  of  tho.se  in  the  pai  ticle  of  ursoiiious  sulphide. 

Although  it  mav  bt;  ]>ossil,lo  to  represent  by  a  chemical  formula  a  long  chain,  say  of 
400  ferrio  Dydroxide  mult'(:iil<>jt  with  one  of  ferric  chloride  at  the  end»  all  united  by  bonds. 
I  am  unable  t<^i  wlt.it  advantage  is  gained.  It  seems  rather  to  obscure  tho  e,v>iMiti«l 
nature  of  chemical  eombination,  <ks  attended  by  change  of  properties,  since  such  colkmU 
behave  ebemioaily  as  mixtures*  onlv.  Moreover,  these  feme  hydroxide  oc^oids  must  be 
rogarflod  as  completely  Ijydrolysetl,  snice  it  is  poHsiblo  to  remove  all  the  chlorine  by  diah'si)', 
although  great  instability  results.  If  a  compound  is  completely  hydrolysed  in  solution, 
lio\v  does  it  differ  from  a  mixture?  Afiain,  it  is  dithcult  to  beli«-vo  timt  an  atom  of  ohlotins 
at  the  end  of  a  long  f  hain  oaa  have  a  cncmioal  effect  on  molecules  400  places  away* 

Tf  the  ♦'Ircdic  charge  on  rnlloidal  y>articles  is  due  to  surface  ionisation,  the 
greater  will  l»e  this  charge  the  finer  the  particles  inU>  wliich  a  given  mass  is 
divided,  So  that,  given  equal  solid  content  of  two  solutions,  tliat  one  which 
contains  the  smaller  particles  will  require  more  precipitatiug  electrolyte  to 
neutralise  the  charge  and  cause  aggregation.  This  has  been  found  to  be  the  case 
by  Sven  Od^n  (1912,  p.        for  hydrosols  of  sulphur  and  of  silver.   A  specuDSU 
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of  the  fortner,  containing  particles  with  a  diameter  of  90  ft/A,  required  a  concentration 
of  h\  (!r«M-J)]oricacidof  1  molecule  per  litiv.  Aiiollicr  spccinieii  w  ith  |iiu  f iclesof  210/^^/ 
rtM|uire<l  only  0  5  molar.  When  the  parlicIcK  were  too  Hnmll  U>  be  resolved  by  tlie 
ultra-microscope,  0*3  molar  sodium  chloride  was  required,  wbereaa  particles  of 
310  ftfM,  onlj  needed  0*07  molar  aohitioa  of  sodium  chloride.  It  will  also  be  noted 
th»t  the  smaller  the  paTtieles,  the  greater  the  changes  of  surfooe  energy  inv<^ved 
in  agj7ro!ipition. 

The  fact  that  precipiUitiun  i«  due  to  inequality  and  irregular  diHtributiou  of 
electric  charges,  as  in  the  experiment  of  Biinee  related  above,  explains  why  the 
efleet  of  a  given  amovat  of  electrolyte  depends  on  the  mddenness  with  which  it  is 
add«id,  as  found  by  Freundlich  (1903,  pp.  145  and  151).    If  a  quantity  capable  of 

precipitntin?,  when  mlded  all  at  oner,  br  added  in  small  pfM  Him!^  at  a  timo,  n  process 
v>f  accliutati.sation  or  tolarauce  ("  Gewohnung ")  is  establislit-d  imd  no  apparent 
offect  is  produced,  because  the  particles  have  all  been  equally  affected  by  the 
eleeirical  change 

When  the  electric  charge  is  due  to  surface  ionisatton,  the  mode  of  action  of  an 
electrolyte  may  be  analysed  further  in  the  following  way  (Freundlich  FJissafov, 
see  Eli.ssafov,  191*2,  p.  411):  The  charge  is  due  to  the  different  solution  tensions 
of  the  ions  of  the  comparatively  insoluble  matter  of  which  the  suspended  particles 
oonsiat.  On  tiie  surface  of  such  a  substance  as  glass,  for  example,  there  is  a  layer 
of  ionising  silicate,  tendii);^'  to  go  into  true  solution  in  the  water';  the  K'  and 
Na*  ions  havo  a  great  solution  tension  :m<l  form  an  outer  layer:  the  almost 
insoluble,  slowly  difiusing,  perhaps  strongly  iwlsorbcd,  silicaU.>  ions  form  an  inner 
layer  which,  attached  to  the  s<^d  particle,  give  it  the  properties  of  a  huge 
multivalent  ion,  the  colloidal  ion  of  Hardy.  The  essential  difference  between  this 
and  an  ordinary  ion  is  that,  on  account  of  the  sixe  of  the  colloidal  i<>n,  siirfa<  o 
actionM  come  into  play,  so  that  differences  in  concentration  in  its  nei;;lilM)urliood 
are  produced  by  adsorption.  Now,  according  to  the  law  of  mass  action,  there  is 
a  constant  relation  between  the  product  of  the  oimoentrations  of  anion  and  cation 
on  the  one  hand,  and  the  concentration  of  the  non-dissociated  electrolyte  on  the 
ottier  hand.   Or,  as  usually  expressed : — 

(anion)  (cation)  =  K  (non-dissociated  salt). 

Applied  to  the  multivalent  colloidal  anion  of  the  case  before  us 

(multivalent  anion)  (cation)  =  K  (non-dissociated  salt). 

This  implies  that  the  concentration  of  the  cation  determines  that .  of  the 
multivalent  anion,  in  other  words,  the  charge  on  the  surface,  so  that  the  cation 
of  an  '^Uvtrolyte  added  will  diminish  or  annul  the  concentration  of  the  fmion  of 
the  .suriace,  ami  with  it  the  electric  charge.  For  furtiicr  details  of  Uiis  point  of 
view,  the  reader  is  referred  to  the  paper  quoted. 

It  is  interesting  to  note  that,  nccording  to  the  experiments  of  Dumanski  (1910),  Kubstanc(!S 
whjcli  show  all  the  si^s  of  IwiiiK  in  tnu^  solution  can  bo  converted,  by  the  action  of  neutral 
nits*  into  the  colloidal  stato.  For  example,  solutions  of  molybdenum  oxide  showed  no  signs 
of  heterogeneity  under  the  nftra-mioroseope,  not  even  a  difftimd  illuminated  cone ;  the 
<\«-pieKsi«iii  of  till?  freezing'  |H  iint  also  mIiow that  the  moU'i  ulcfi  jucscnl  were  nt»t  pol\ rin'riscd. 
On  the  addition  of  ammonium  or  barium  chloride,  or  other  salts,  a  colloidal  solution  was 
formed  by  ooaleaoenoe  of  the  moleeules. 

n»Mv  is  a  difficulty  sometimes  felt  with  regard  to  thi*  prceipitation  of  colhiids  by  electro- 
lytes  which  must  be  mentiuned,  since  it  is  not  natisffW-torily  explained.  When  one  ion  of 
the  precipitating  ssit  18  carried  down  with  the  coagulum,  the  other  ion  most  be  left  fn^. 
T"  tike  a  case,  it  seem?  that  CT  ion  must  be  left  when  calcium  chloride  acts  tipnn  arsrntouB 
(^ulpliide.  Even  it  wo  suppose  that  more  water  is  dissociated  to  give  the  increase  of  H-  iun 
shown  tij  tlw  acad  rasetion,  thexe  still  remains  the  oorrespooding  OH'  ion  to  be  sooounted  for. 

The  clasa  of  colloidal  solutions  of  most  importance  to  tlte  physiologist  is  that 
variously  callefl  otmilsoid,  lyophile,  stablo.  -t  reversible,  Tlioso  four  namos,  how- 
ever, althou;;h  in  KPiieral  applicable  to  the  majority  of  members  of  the  cla^^,  are 
not,  strictly  speaking,  synonymous.  Owing  to  the  existence  of  all  stages  of 
tnmsitioD,  it  it  natural  to  find  that  certain  of  these  characteristics  may  be  absent 
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from  a  given  substance.  The  word  *'eraul«f»id  '  nnlicates  the  liquid  nature  of  the 
dii>pcrsed  phase,  but^  since  this  phase  may  contain  a  greater  or  less  percentage  of 
water,  or  othei:  Movent,  with  the  flune  oomporitioii  of  the  Mtnol  aoilld  matter 
itMll^  as  espedally  seen  in  proteins,  it  is  clear  that  all  degrees  may  exist  between 
solid  and  liquid.  When  the  disposed  phase  consists  of  an  immiscible  liquid,  say 
petroleum,  the  system  exhibita  propertiee  approximating  to  those  of  the  lyophobe 
class,  for  example,  comparative  sensilulity  to  electrolytes  (Lewis,  1909,  i.  p,  493). 
The  fact  that  very  minute  dropH  of  liquid  have  rigidity  has  already  been  pointed 
out^  and  tho  further  faet  that  tiiey  are  retained  by  the  oltra^filter  shows  that  they 
cannot  be  sufficiently  distorted  to  be  forced  throoii^  apertures  less  than  of  oertsin 
diinensioTis,  1;irge  in  comparison  to  molecular  dimensions. 

Again,  .silicic  acid  is  lyophile,  but,  after  evaporation  to  dryness,  does  not  again 
go  into  solution  on  addition  of  water,  as  gum  does.  It  is  then  irreversible, 
contrary  to  most  of  the  members  of  the  class,  which  are  reversible^  Id  the  sense 
indicated. 

The  designation,  "stable,"  refers  to  the  fn^t  that  the  sensitivencfvs  to 
electrolytes  is  much  le.s.s  than  that  of  the  suspended  solid  particles  (tf  the  lyophnU' 
class.  This,  again,  is  a  matter  of  degree,  as  facts  already  given  in  the  previous 
section  (page  92)  are  suflicisnt  to  show.  One  ma^  also  refer  to  the  £act  tliat  egg- 
white,  a  typical  ema]soid»  is  precipitated  by  La***  lOtt  in  »  conoentratioii  of  about 
0*0()2  molar,  whrreas  arsenious  sulphide,  as  wo  have  seen,  re«<?t,s  to  the  same  ion  in 
U'00005  molar.  Kenicinbering  the  ratio  of  activity  nf  ions  of  dillerent  valency,  it 
is  not  surprising  that  univalent  ions  are  practically  inactive  on  emulsoid  oolloida, 
that  is,  so  far  as  their  effiBCt  as  charged  ions  is  concerned. 

Mines  (1912,  p.  211)  has  found  a  useful  test  for  tiie  emulsoid  state.  Hub 
consists  in  the  reaction  to  complex  trivalent  ions  as  compared  with  that  to  simple 
trivalent  ions  C\)balt,  and  some  other  inetals,  form  complex  salts  with  ammonii 
and  an  acid ;  these  are  electrolytically  (iissociated  with  the  formation  of  a  large 
trivalent  cation,  such  as  Co(NH3)q  (iuteo-cobalt)  ion;  emulsoids,  such  as 
whiter  are  not  precipitated,  even  by  comparatiTely  high  conoentrationis  of  this  kn, 
up  to  002  molar,  whereas  suspensmds  are  nearly  as  Mositive  to  it  as  to  tiie  simple^ 
La*",  ion. 

Egg-white,  cnjignlated  by  txiiling,  behaved  in  this  respect  as  a  snspcnsoid.  As  Mine* 
puiuUi  out,  tva  infusion  contains  suspennoid  colloids,  whereas  creatu  is  an  umul^id,  itiat 
oppofftnoity  for  testing  the  different  behaviour  is  ready  tu  hand.  Silicic  acid  8cen>8  to 
be  an  exception ;  although  showing  most  of  the  cluuraetero  of  eraulsoids,  it  is  as  8cn<:itive  io 
the  oomulex  trivalfloi  ion  as  to  the  simple  one.  A  fine  emulsioa  of  olive  oil  bohavtis  m  an 
smnlMiia  to  trivaleot  ions* 

The  facts  of  the  preceding  paragraph  show  that  vaUney  is  the  ofdy  fatkiit 
concerned  in  the  action  of  electrolytes,  even  in  that  aspect  of  their  actico 

connrct^'d  with  the  oltH'trical  charo^e.  There  are  two  ways  in  which  the  complex 
ion  differs  from  the  simple  one,  viz.,  its  slow  rate  of  movement,  and  tlio  less  density 
of  tlio  charge  on  its  greater  surface.  Mines  (1U12,  p.  235)  calculates  the  relative 
density  on  the  lanthanum  and  luteo-cobalt  ions  as  bring  in  the  ratio  of  1*37  to 
0-26,  and  suggests  that  the  power  of  adhesion  to  the  particle  to  be  discharged  is 
in  relation  to  this  fact. 

The  two  phases  of  which  hjdrophilo  colloids  consist  diflTer  only  in  the  relative 
a»nonnt  of  water  and  solid  in  each.  It  will  readily  be  seen,  therefore,  how  the 
properties  can  be  altered  by  agencies  capable  of  changing  this  distribution  of  tctUer. 
This  point  has  been  especially  insisted  on  by  Hatsdiek  (1913,  p.  46).  If  the  water 
content  of  the  internal  phase  is  diminished  far  enough,  tills  phase  will  become  s(did» 
and  the  system  will  Iw  a  suspensoid  one.  With  large  water  content  of  the  int<^mai 
phase,  its  properties  will  approach  to  those  of  a  liquid,  and  the  system  will  U>  an 
emulsoid  one.  The  "salting  out"  of  proteins,  etc.,  by  high  concentiations  of 
electrolytes  is  doe  to  removal  of  water  from  tiie  internal  phase,  and  ct«isoquenl 
precipitation  of  this  latter.  The  way  in  which  water  is  present  in  emulsoids  is 
regarded  by  Hatschek  as  similar  to  imbibition,  whicli  \\  \\]  Tx^  (liscussed  later,  altlioagh 
the  possibility  must  not  be  lost  sight  of  that  more  strictly  chemical  affinitiea  may 
play  a  part. 
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When  we  consider  the  series  of  salts  investigated  by  Hofmoistor  (1888).  as 
regards  their  relative  effect  on  the  salting  out  of  albumin,  and  known  as  the 
*'  UqfmeUter  g&rtes,"  no  obWotts  reason  is  apparent  for  the  different  behaviour  of 
the  aaltei  A  cheinioal  one  is  excluded  by  this  iMst  that  the  same  series  is  found  in 
the  action  on  substances  so  di£ferent  m  constitution  as  albumin,  gelatine,  agar,  and 
starch.  As  Hatschek  (1912,  p.  46)  points  out,  the  only  view  which  co-ordinates  the 
various  phenomena  is  that  they  are  all  manifestations  of  a  change  in  the 
distribution  of  water  between  the  two  jphases ;  the  salts  of  the  Hofmeister  series 
do  thia  by  their  aetion  on  the  oompressibility  ol  water.  The  solntioD  of  emulsoids 
is  usually  associated  with  contraction.  These  phenomena,  in  general,  belong  to 
that  class  called  by  Freundlich  ^^lyotropic"  (1909,  pp.  54  and  412).  as  dependent 
on  changes  in  the  solvent  itself.  When  water  is  the  solvent,  we  speak  of  the 
hydration  of  the  ions  of  the  salt,  and  the  changes  in  the  eqniUbrium  between  the 
Tarioos  molecular  states  of  fluid  water.  These  change  give  rise,  in  their  turn,  to 
alterations  in  the  internal  pressure,  expressed  in  changes  of  compressibility,  viscosity, 
solubility,  and  so  on.  For  further  details  as  to  the  Hofmeist<>r  scries,  and  the 
action  of  salts  on  emulsoids,  the  reader  is  referred  to  the  book  of  Freundlich  (1909, 
pp.  484  mq,). 

It  was  known  to  Faraday  (1858,  p.  175)  that  the  precipitating  action  of  "  salt  " 

on  gold  solutions  could  be  prevented  by  the  addition  of  a  tnuo  of  "jelly."  Other 
eraulsoid  colloids  have  this  action,  although  in  different  tiegree,  and  the  fact 
serves  as  the  basis  for  the  ''gold  number  "  of  Schulz  and  Zsigmondy  (1903)  as  a 
duuraeteriatio  of  individual  proteins.  It  seems  certain  Uiat  this  proteeHon 
against  the  aetion  of  electrolytes  conferred  by  an  emulamd  on  a  suspensoid  is  due 
to  the  deposition  of  a  film  of  the  former  over  the  surface  of  the  solid  particles, 
thus  practically  converting  the  system  into  an  eraulsoid  one.  Mines  (1912,  p.  219), 
by  the  application  of  his  test  with  complex  trivalent  ions,  finds  that  a  gold 
hydroeol  protected  by  an  emulsoid  behaves  in  the  same  insensitive  way  as  the 
emulsoid  itself.  Moreover,  if  the  protective  colloid  be  a  pt oti-in,  which  has  the 
sign  of  its  charge  ea-sily  reversed  by  acid,  as  gelatine,  it  will  be  found  that  the  gold 
particles,  previously  insensitive  to  aci»l,  have  liecome  sensitive  (ibifi.,  p.  222).  Tt 
can  be  shown  by  electric  convection  that  it  is  not  easy  to  revoi-se  the  sign  of  the 
charge  on  gold  pirtioles  by  acid  akme ;  when  they  are  coated  with  gelatine  this  is 
easy,  although  gelatine  itself  does  not  affect  the  sign  of  the  charge.  The  iidsorption 
of  protective  colloid  by  the  surface  of  the  gold  particles  is  no  doubt  due  to  the 
lowering  of  surface  tension  thereby  brought  about;  and  the  gold  number  varies 
according  to  the  capacity  in  this  respect. 

The  protective  aetfon  is  not  neeeoonrily  oomplete,  as  I  noticed  in  lome  experiments  made 

with  ar«eniou8  sulphide  and  with  Congo-rw.  In  these  case?',  actuftl  precipitation  by  calcium 
sulphate  was  prevente<l  by  the  addition  of  albumio,  &s  in  the  caso  of  gold,  but  if  such 
nixtorea  were  carefully  compared  with  tito  original,  it  was  noticed  that  they  were  Bomcwhat 
more  turbid.  Under  the  ultra-microscope,  the  change  was  very  obvious  in  the  mse  of  Congo- 
rod.  This  dye,  in  the  absence  of  electrolytes,  is  not  resolvable  into  parlicle.s.  After  the 
addition  of  lerum-albumin  and  calcium  sulphate,  although  no  precipitation  occurred,  as  when 
the  salt  waa  added  alone,  the  solution  was  nevertheless  found  to  be  full  of  very  distinct,  but 
not  brilliant,  particka.  This  effect  is  in  agreement  with  the  small,  but  not  negligible, 
effect  of  salts  on  emuh  oid.'*. 

Walpole  (1913,  3)  liaa  shown  that  seUtine  in  very  low  conoeutration  (1  in  1UU,000.000) 
incrtam*  the  efhet  of  hvdrodilorio  add  in  tiie  aggregation  of  hydroaola  of  gold,  maatio  or 
oil.  In  eonoentrations  of  10  *  to  \0-*-*  of  gelatine  there  are  two  concentrations  of  the  acid 
which  produce  aggregation,  whereas,  between  these  two,  no  effect  is  produced.  In  cases  of 
aggregation  due  to  the  assistance  of  a  "  protective"  colloid,  reversal  is  Obtained  by  the  addition 
MalkaU,  and  ultra-micnwcopic  examination  shows  that  the  aggregateB  in  the  ca«e  of  oil 
solutions  consist  of  numbers  of  the  original  minute  particles,  stuck  together;  whereas,  in  the 
ca^  of  aggregation  by  Iqrdroohloric  acid  in  the  presence  of  gelatine  of  concentration  lower 
than  lO^Vthe  aggi^[atea  are  oomparatively  large  drops  of  oil.  There  is  no  change  of  sign  of 
the  electric  chaige  in  these  caaea  of  aggregation  brought  about  by  traces  of  gelatine.  When 
eODOCntrations  or  gelatine  greater  than  10"***  protect  from  the  action  of  acul,  the  sign  of  the 
shann  ot  the  particles  is  converted  from  negative  to  poaitive  by  the  acid.  For  further  details 
see  Walpde's  SMond  paper  (1914,  2). 

A  marhed  difference  in  vtfootity,  or  internal  friction,  is  shown  by  emulsoids 
aadsnspensoida.  While  that  of  md  latter  is  not  greatly  different  fr«)m  that  of 
water,  the  former,  as  a  rule^  have  a  vety  considerable  viscosity  (Freundlich,  1909, 
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p.  396).  The  various  ways  in  which  this  manifests  itself  are  only  to  be  explained 
bv  the  Msamption  that  we  have  to  deal  witii  a  diphasic  system  of  i-wo  liquid 
phases  (see  Hatschek,  1913,  p.  43).  In  contact  with  a  solid  surface^  drope  of 
the  more  tenacious  phase  adhere,  and,  as  the  fluid  is  forced  past,  these  drops  are 
deformed  and  torn  apart.  Another  interesting  fact,  which  proves  the  ori^n  of 
the  high  viscosity  in  a  two-phase  nature  of  the  system,  is  that  mechanical  deforma- 
tion prodvcee  double  refineetioD  (Kandt,  1881,  p.  110).  In  homogeneous  Tieoons 
liquids,  such  as  glycerol,  stroDgsitgar  solutions,  etc.,  this  is  not  to  be  detected,  whefeee 
in  gelatine,  even  of  0  01  per  cent.,  double  refraction  can  be  produced  by  mechanical 
stress,  which  places  the  di.spersed  plm.se  in  a  state  of  asymmetrical  tension. 

The  viscosity  of  emulsoids  has  a  high  temperature  coefficient. 

There  are  two  oonditions  very  frequently  met  with  in  emnlsaids,  the  phenomena 
of  gelatinisation  and  those  due  to  imbibition  of  watw  or  otiier  eolventi  The 
following  two  sections  deal  briefly  with  these. 

GELS 

When  a  gelatine  solution,  which  is  a  freely-flowing  liquid  at  temperatures 
al)Ove  20°-25°,  i.s  cooled,  it  "  sets  "  to  a  substance  having  the  property  of  preserving 
the  shape  into  which  it  is  trimmed.  It  has,  also,  elasticity  of  form,  so  that, 
within  limits,  it  returns  to  its  original  form  after  distortion.  What  has  taken 
place  1  In  speaking  of  the  action  of  fixing  solutions  on  protoplasm,  the  experiments 
of  Hardy  (1900,  2)  were  referred  to.  This  investigator  .sliowed  that  <jelatine,  when 
simply  cooled  and  unacted  on  by  reagents,  required  an  euurmuui^  pressure  to 
squeese  out  any  of  the  water  which  it  contained  This  fact  means  that  the  water 
no  longer  forms  a  continuous  phase^  but  must  be  enclosed  in  vesudee  oompoeed 
of  the  more  solid  phase,  so  that,  to  escape,  the  water  must  pass  ^wouigih  gelatine. 
Fig.  15,  n  (p.  14),  represents  diagrammatically  the  state  of  affairs,  if  we  regard 
the  black  as  gelatine  (coutaiumg  water),  and  the  white  the  liquid  phase,  that  is, 
dilute  sdution  of  gelatine.  From  what  we  have  learnt  above  as  to  the  nature 
of  emulsoids,  it  is  elear  that  the  word  "solid"  phase,  used  in  describing  the 
phenomena,  must  be  understood  as  "  relatively  more  solid  "  phase. 

From  Hardy's  work  (1900,  2ji  it  appears  that  the  first  sign  of  commencinj; 
gelation  is  a  change  of  the  system  from  a  micro-heterogeneous  one  to  a  more 
ooanely  heterogeneous  one,  so  that  drops  of  the  dispersed  phase  separate.  It  is 
interesting  to  note  the  piXK>f  afforded  by  this  fact  of  the  liquid  nature  of  the 
internal  phase  of  an  (^niulsoid,  since  only  a  liquid  could  form  drops.  The  further 
fate  of  the  drop'^  depends  on  t!ie  concentration  of  the  solution.  In  ver}'  fli1iit<> 
solution,  the  droplets  remain  suihciently  small  to  become  a  penuaueut  dispersed 
phase,  freely  movable  and,  in  foct,  shiowing  Brownian  movement.  When  the 
solution  is  more  concentrated,  the  droplets  join  together  to  form  a  network  or 
similar  kind  of  structure,  but  the  watery  phase  is  still  continuou.s.  When  still 
more  concentrated,  the  droplets  which  separate  c>in  )x>  .seen  by  thei?-  refraction  to 
consist  of  the  watery  phase,  so  that  the  more  solid  phase  has  now  become  the  con- 
tinuous or  external  one,  while  the  more  liquid  <me  is  the  internal  or  dispersed  phaae. 

The  change  described  above  is  a  reversible  one,  and  is  important  as  illustrating 
the  kind  of  phenomena  which  may  occur  isothermally  in  a  complex  system  of 
emulsoids,  such  as  living  protoplasm. 

The  composition  of  tb«  two  pbaaee  of  a  colloidal  aysteni,  as  not  being  qualitatively,  bat 
merely  (lUAntitatively,  different,  is  well  seen  in  the  following  £gurefi  (Hamy,  1900,  2,  p.  S^) 
frrim  a  case  of  a  ternary-  mixture  of  gelatine,  alcohol,  and  water.  Theonmbsn  reprssmt  gFHnS 
of  gelatine  per  lUU  c.c.  of  the  gelatine  solution  at  15°. 


Tulal  Mixture. 

Iiilenml  I'ha«o. 

Kxt«nml  Phase. 
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The  work  of  Bachmann  (1912)  and  of  Zngmondy  (1913)  on  the  formation  of 
gela,  as  observed  with  the  altra-mieroseope^  is  of  interest  Most  of  the  work  was 
done  with  pure  soaps  and  is  illustrated  \!f  Fig.  43.    It  is  well  known  that  a  fairly 

strong  hot  solution  of  sodium  or  potassium  stearate  or  palniitate  sets  to  a  more  br 
le-*s  transparent,  tenacious  jelly,  when  it  cools.  This  usually  changes  later  into  an 
opaque,  white,  friable  mass.  The  former  corresponds  to  a  fine  felt-work,  as  seen 
under  the  ultra-nucroscope  (b  and  f  of  the  figure) ;  while  the  latter  is  ohvionsly 
crystalline  (d  in  the  figure).  The  structure  of  the  gel,  as  first  formed,  shows  a 
strongly  polarised  cone  of  light  and  is,  therefore,  of  an  extremely  fine  degree  of 
heterogeneity,  luuch  finer  than  the  foam  structures  described  by  Butschli.  As 
cooling  proceeds,  the  particles  become  larger,  Browniaa  muvemeut  is  easily  seen 
(A).  These  particles  eontiatte  to  increase  in  number,  obstmct  one  another  in 
movements,  and  suddenly  form  threads,  which  are  said  to  have  a  "  crystalline " 


A 

B 

• 

fl 

D 

■E 

• 

if'         •    .  ». 

^^^^^^^^^^^^^^^^^^^^ 

G 

FlO.  43.    DUU&AMS  or  CLTaA-MlCROSOOPIC  APFKABAKCB  OV  SOAP  GXLB  IN  PBOCOS 

or  lOBMATIOV. 

A,  B.  C.  D,  R,  StifMofgihtioaMidafyitiHlwttoii  of  6  pw  «— t  pot— lum  ■twuff  in  tnttr,  ftahmd  ■boot 

20U-900  Uniet. 

F,  Jelly  of  lO  per  cent,  wdhim  olcate.  TOt-work  obUined  bj  diaolvinf  amy  tb«  1ln«r  threftds.  Guxlioid 

con(Ier)!»er.    Macnifled  alwut  HO  times. 

G,  Ji-lly  of  :>  per  cent,  sodium  jpAlmiUte.   >ie«die-like  fibres. 

B,  cry-.t&u  oC  poCoiriaDi  Hointa  horn  mtnj  nliitlon  of  tboiit  10  par  owt  Ibnl  itetOk  M«gy'*fffl  Bboafe 

3U0  timco. 

(After  Paehmana.) 

appearance  (see  f  and  o),  and  result  in  the  production  of  a  felt-work.  After  a 
time,  this  felt- work  changes  into  distinct  separate  crystals  (e  and  h).  Wliether 
the  first  particles  are  to  be  regarded  as  "  micellce,"  in  NUgeli's  sense,  that  is,  as 
aggregates  with  crystalline  properties,  is  a  matter  for  argument.  It  is  dear, 
however,  that  the  vectorial  forces  which  ultimately  result  in  the  formation  of 
distinct  crystals,  must  be  always  present,  but  apparently  require  time  for  action. 
The  ultra  nucro.scopic  particles,  probably  of  a  crystalline  form,  at  first  separate  out 
arranged  iu  threads  and  networks.    See  also  Bradford  (1919)  and  M'Bain  (1920). 

JlSk  important  point  in  regard  to  the  nature  of  the  two  phases  is  that 
Bafihm*****  found  that  the  "inter-micellar"  fluid,  in  the  case  of  a  gel  of  1  per 
ceoL  sodium  palmitate^  contained  0-06  per  cent,  of  the  salt. 

IMBIBITION 

Many  emulsoids,  after  being  dried,  are  capable  of  taking  up  again  large 
quantities  of  water,  without  actually  forming  liquid  solutions,  sudi  as  ordinary 
hygrascofMC  substances^  caldnm  chloride^  for  example^  do. 
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Most  parts  of  plants  and  animals  exhibit  this  property  to  a  greater  w  lea* 

degree.  The  stalk  of  the  sea-weed,  LaminariOj  increases  enoraRHuly  in  Tolnme 
under  the  conditions  mentioned  and  has  b^en  made  use  of  in  snrgical  pmotir*^ 

Tlie  greater  part  of  the  erperimental  work  on  imbibition  has  been  done  on 
gelatine,  a  considerable  amount  also  on  starch. 

Perhaps  the  most  striking  thing  about  the  phenomenon  is  the  great  pressure 
exerted  in  the  process  of  swelling,  or  conversely,  required  to  express  water  after 
it  has  been  taken  up.  Laminaria,  under  a  pressure  of  4  2  atmospheres,  was  found 
by  Reinke  (1879)  to  be  able  still  to  take  up  16  per  cent,  of  water. 

In  all  these  processes,  it  is  important  to  remember  that  the  total  Tolume,  gel 
plus  water,  is  U99  after  swelling,  although  the  volume  ol  the  gel  iteelf  increuea 
80  much.  In  order  to  compress  water  to  the  extent  implied  in  the  total  change 
of  volume,  n  pressure  of  some  300  atmospheres  \%  neooBaMj,  SO  that  it  is  plain  that 
heat  must  be  evohcfl  in  the  pnx-css  ut  imbibition. 

This  oompression  of  water  owa  be  demoDstrated  in  the  following  way,  due  to  R.  du  BoLa" 
Reynond  (1013).  PSeoes  of  the  dried  material,  aaeh  aa  lAmkiana,  are  attaohed  to  th« 
rabmerfled  pert  of  a  hydrometer,  at/l  th^  «pale  adjusted  to  a  ooiiveniont  point  hy  addititm 
of  weights.  As  the  material  swells,  the  hydrometer  sinks,  showing  that  the  water  which  ha» 
become  part  of  the  imbibition  qrstem  has  tnereased  in  density*  Of  oonrse,  tiie  tvnperaiara 
must  be  Kept  oooatant. 

Much  work  has  been  done  on  the  effect  of  electrolytes  on  the  swelling  of 
emulsoids,  especially  of  proteins.  The  most  striking  effect  is  that  of  acid  aiul 
of  alkali.  Spiro  (1904,  p.  27())  showed  that  either  of  these  greatly  increHses  the 
amount  of  water  taken  up  by  gelatine,  and  Cliiari  (ID  11)  found  tliat,  when  carefully 
purified,  gelatine  is  sensitive  to  vwy  small  diSbrenoea  in  H*  ion  eonomtration, 
that  the  difference  between  ocdinary  distilled  water  and  that  distilled  out  of 
contact  with  carbon  dioxide  may  be  detected.  The  explanation  of  this  pheno- 
menon, a«5  given  by  Pauli  (1912,  p.  262),  is  that  electrolytically  dissociated  salta- 
of  protein  are  formed  by  acid  and  by  alkali,  and  the  swelling  is  due  to  the  alhuity 
for  water  of  the  protein  ion.  lliis  view  will  be  discussed  under  the  head  of  proteins. 

A  theory  of  atdema  has  been  propounded  by  Martin  Fischer  (1910)  on  the 
basis  of  the  action  of  acids  on  the  swelling  of  proteins.  The  tissue  colloids 
are  sup{>osed  to  take  up  water  under  the  iuduence  of  increased  acid  reaction 
of  the  blood.  Although  the  possibility  of  such  effects  must  not  be  forgotten, 
they  will  not  easily  explain  the  actual  presence  of  liquid  in  dropsical  tissues; 
a  fine  canula  or  hollow  needle  inserted  into  such  tissues  allows  a  slow  stream  of 
fluid  to  drop  fr-nni  the  end,  and  it  is  well  known  that  cedema  passes  from  one- 
part  of  the  body  to  another  in  obedience  to  gravity.  Moreover,  so  far  em  I 
am  aware,  M.  Fischer  has  not  actually  shown  a  change  in  H*  ion  ooncentra' 
tion  in  the  blood  sufficiently  large  to  account  for  the  effect.  As  we  shall  see 
in  Chapter  VII.,  the  chemical  composition  of  blood  is  such  as  to  form  an. 
rytn-mely  efficient  arrangement  for  keeping  the  reaction  corr^tant.  And  again, 
tins  delicate  sensibility  to  change  of  H'  ion  concentration  shown  by  gelatine  i» 
only  manifested  in  the  absence  cf  neutral  salts,  a  condition  not  met  with  in 
living  organisms. 

iHie  work  of  Siebeck  (1912,  p.  467)  on  kidney  cells,  and  of  Beutner  (1913, 
p.  221)  on  muscle,  lead  them  to  the  conchision  that  tlie  increase  of  size,  occurring 
in  certain  solutions,  is  due  to  osmotic  taking  up  of  water,  rather  than  to  at» 
imbibition  proc^,  and  that  acid  or  alkaline  reaction  has  no  efleet  unless  the 
cells  are  permanently  injured.  Moreover,  the  action  of  neutral  salts  on  the 
volume  of  cells  is  in  proportion  to  their  molecular  concentration  only,  whereas, 
the  effect  on  imbibition  is  different  according  to  the  chemical  nature  of  tho 
salt,  even  when  in  equi  molecular  concentrations. 

Hofmeiater  (1888),  in  fact,  found  the  action  of  nmtrai  anlfs  on  the  prtjcess 
of  imbibition  to  follow  the  same  series  as  that  already  mentioned  in  the  case  of 
"raiting  out."  The  relation  of  this  series  to  the  properties  of  the  .solvent  has 
been  indicated  on  page  97  above.  Samec  (1911,  p.  156)  calls  attention  to  the 
fact  that,  parallel  to  the  favouring  effect  exerted  by  the  anions  of  the 
Hofmeister  series  on  the  imhibitiim  of  water  bj  starch,  there  runs  a  aet  of 
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phrsi co-chemical  pr<ij>orties  of  the  suilt  solutions  themselves.  These  are,  rate  of 
dilfusion  and  couipreii«ibilitj,  which  increase  with  the  favouring  action,  while 
mirfaoe  tension,  internal  friction,  electrical  condactivity,  diminution  of  solubility 
of  other  solutes,  maxinium  density,  effect  ou  catalyda  ol  etters,  inversion  of 
cane-sugar  hy  acids,  and  dissociation  of  weak  acids  are  properties 'which  decrease 
along  with  increase  of  favouring  action. 

At  first  sight  it  Mould  seem  nrttural  to  connect  these  varions  phenomena  with  hydration 
of  tl»e  re«peclive  crystalloids  iu  solution.  A  part  of  the  solvent  is  held  m  this  May  in  the 
region  of  the  solute,  so  that  any  process  in  which  water  is  oonoerned  would  pursue  a  dififerent 
oooTM  in  preaenoe  of  oryatalloids  than  in  their  abMOoe,  sad,  in  mneral,  the  ohange  wonld  hm 
of  the  same  kind  as  that  eansed  by  inoresw  in  eonoentntion.  There  Meins,  however,  to  tM 
some  n  l  liti-inal  factor,  because  there  are  some  crystalloids  whose  solutions  produce  more 
•welling  than  pure  water  does.  The  auggeeti<m  ia  made  by  SMueo  (p.  157)  that  adsorption  of 
the  eryatailoid  tskw  I^soe  oo  the  stufaoe  of  the  gel  elements  and  that  the  adsorbed,  highly 
hydratecly  Buhetance  brings  water  into  more  intimate  contact  with  the  colloid.  The  fact  tliat 
any  particular  ion  has  precisely  the  same  effect  on  a  protein  and  on  starch,  aa  poiiftcd  out  by 
fiameo  (1911,  p.  154),  nhown  that  the  formation  of  chemical  coropuuadii  dixv"  not  play  any 
important  p.irt.  Further  information  to  the  l>ehavioar  of  gelatine  in  variooa  aolutio&s  in 
water,  n.ay  he  found  in  the  paper  by  Ehrenberg  (1913).^ 

As  to  the  nature  of  the  procets  itself,  Posnyak  (1912,  p.  154)  calls  attention 
to  three  possibilities : — 

1.  Condenaation  of  water  on  tho  surfue  of  the  eleoMntary  particles  of  the 
gel,  leading  to  filling  up  of  the  capillary  spaces  hetween  them,  while  the. 

particles  tliemselves  remain  unchanged  in  size. 

2.  Simple  solution  of  the  liquid  in  the  substance  of  the  particles,  which 
thereby  change  their  size,  density,  etc. 

9.  Both  processes  take  place.  This  is  regarded  hj  Posnyak  as  the  most 
{ffoibable  one  theoretically,  although  his  experiments  on  the  influence  of 
pressure  on  the  liquid  content  of  a  £»el  speak  more  in  favour  of  the  first.  He 
finds,  in  fact,  that  the  content  in  solid  (c)  of  such  gels  as  india-rubber  and 
gelatine  is  reliU«d  to  the  pressure  (P)  by  the  focniiiU: — 

P  =  Ac* 

wliere  A  and  k  are  constants.  A  varies  considerably  from  gel  to  j^el  and  from 
liquid  to  liquid,  while  k  has  always  the  same  value  ( ■>  3).  This  latter  fact  iti 
difficult  to  explain  on  the  basis  of  a  solutimi  of  the  liquid  in  the  colloid 
substance  and  consequent  diai^  in  its  properties.  Acooraing  to  Zsigmondy 
(1913)  the  lowering  of  vapour  pressure  in  the  imbibition  of  water  by  silica 
gels  is  due  to  the  formation  of  a  concave  meniscus,  not  to  formation  of 
hydrates.  Imbibition  is  the  filling  of  hollow  spaces  in  this  case,  not  the 
taking  up  of  water  into  actual  substance^ 

The  similarity  of  Poenyak's  equation  to  the  simple  form  of  the  expression  for 
adsorption  is  obvious.  It  would  seem  aho  to  be  more  advantageous  for  rapid 
changes  in  the  distribution  of  water,  such  as  are  required  in  physiological  activities, 
that  the  water  dmild  he  on  the  soKEaoa  lathor  than  inside  m  substance  of  the 
colloid.  As  Posnyak  suggests,  it  is  probable  that  tiie  relative  share  taken  by  the 
two  kinds  of  process  difEsrs  according  to  tlie  amount  of  water  availabla 

Sotno  experinif  iitfi  wlii'  li  I  have  recently  had  occasion  t«  make  favour  this  suj.Lr-ti  n. 
<jr«iafcine  is  sometimee  used  to  remove  water  from  alcohol  that  is  nearly  absolute,  say  90  to  96 
per  eent.  Of  oosrM^  It  is  uaelsn  for  this  purpose  vnteai  flioroiighlv  dried  fint  I  foond 
that  it  dof>8  remove  water  from  SO  per  cent,  alcohol.  .~n  that  this  becomes  stronger,  but, 
to  my  surprise,  no  increase  in  volume  of  the  gelatine  was  to  be  detected,  although  the 
amount  of  water  removed  from  the  alcohol  was  seffioieat  to  be  detected  easily.  I'he 
gelatine  also  appeared  to  he  just  as  hard  and  homy  as  when  put  in.  The  only  exi»lan.itirm 
seems  to  be  that,  in  order  to  determine  the  volume  after  immersion  in  alcohol,  the 
pieces  were  allowed  to  dry  for  about  a  minute  in  air ;  the  liquid  alcohol  evaporated 
from  the  aurfaoe  in  this  prooess,  and  apparently  the  water  concentrated  on  the  sorfaoe 
pawed  oflT  with  the  aleohol,  a  phenoraenon  that  oonld  not  have  taken  place  in  so  short 
a  time  if  water  had  penctralf  !  into  the  sxibstance  of  the  gelatine. 

The  facta  above  described  will  be  found  la  later  pages  to  have  a  bearing  on  the  action 
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PROTEINS 

IsL  many  respects  proteins  are  the  most  important  members  of  the  emnlaoid 
class  and,  at  the  same  timei  the  most  difficult  to  treat  in  a  aatufactoiy  vaj.  Hiis 

ditBculty  is  mainly  due  to  the  fact  that  the  phenomena  presented  by  them  can  be, 
for  the  most  part,  described  from  two  diflferent  points  of  nVw,  from  that  of  pnre 
structural  chemistry  and  from  the  physico-chemical  standpoint  of  ooUoid&i 
chemistry. 

Take,  for  exainple^  the  oominon  test  for  the  presence  of  a  protein  in  solution,  that 
with  potassium  termpyanide  and  acetic  acid.  Priia'isium  ferrocyanide  nlnni%  in  low 
ooncontration,  dueti  nut  give  a  precipitate,  hut  uuch  appears  when  the  solution  ia  made 
aoid  with  aoetio  acid.  This  may  be  explained  by  saying  that  the  ooropound  of  protein 
with  ferroo3ranide  is  soluble  in  neutral  or  alkaline  solution,  insoluble  in  acid.  Or  bj 
saying  that  the  negative  ferrocyanio  ion  has  no  precipitating  action  on  an  electro-negative 
colloid,  as  protein  is  in  neutral  or  alkaline  solution,  hut  becomes  a  puirerful  OOe,  as 
a  quadrivalent  ion,  when  the  colloid  is  nwie  jxi^itive  by  the  H"  ion  of  an  acid. 

Now  these  two  points  of  view  are  not  to  1x3  regarded  as  tintagoni'^tif  or 
mutually  exclusive.  As  Perrui  remarks  (11)05,  p.  110),  with  respect  to  tiie  tact 
that  change  of  electriflcatton  is  accpmpanied  by  chantge  in  the  composition  of  the 
double  layer  and,  therefore,  in  the  composition  of  the  colloid  as  given  by  chemical 
analysis,  physical  and  chemical  Tartations  are  here  two  aspects  of  one  and  the 
same  phenomenon." 

On  the  other  hand,  there  are  certain  physical  properties  not  necessarily 
involved  in  the  chmnical  description  of  proteins,  which  must  play  a  part  in  their 
b^WTknir.  Since  they  do  not  diffuse  tiirough  pardiment  paper,  we  know  that 
they  are  large  enough  to  exhibit  the  properties  of  matter  in  mass,  the  most 
characteristic  being  those  connected  with  the  possession  of  surface.  This  involves 
electrical  relations  differing  from  those  of  simple  electrolytes,  and  so  forth. 

When  we  find  a  book,  "  The  Physical  Chemistry  of  the  Proteins,"  by  J.  Brailsford  Robertson, 
1912,  which  profeHses  to  treat  the  wliole  subject  without  reference  to  any  of  the  conceptions 
which  tho  modem  development  of  the  theory  of  the  colloidal  state  has  introduced,  we 
cannot  but  agree  with  tKe  reviewer  (W.  O.)  in  ZeiUck.  /.  pht/nk.  Chemie,  Sit  M6,  whose 
remarks  will  scr>'e  to  call  attention  to  the  facts  to  !>«  taken  into  consideration  in  an 
adequate  treatment.  "But  in  so  far  as  the  colloidal,  that  is  nOQ-homogeaeous,  character 
of  protein  oomponnds  has  bfen  proved  experimentally  Ixyond  all  douDt,  it  appears  to 
me  (the  reviewer)  that,  in  the  intentional  laying  aside  of  this  fact,  an  error  oi  method 
is  committed,  an  error  which  brings  with  it  considerable  danger  of  laying  more  weight 
on  a  particular  interpretation  of  facts,  in  themselves  correctly  observed,  than  is  deeirsDb 
in  the  interests  of  science.  This  danger  is  all  the  more  serious  when  the  author  is  one 
who  is  able  to  manipulate,  M-ith  considerable  skill  and  corresponding  predilection,  complex 
mathematical  fornmlae,  and  by  that  mean^  is  al)le  to  intnxiuce  as  many  variables  mto 
the  theoretical  treatment  of  his  problems  as  satisfactory  agreement  with  experimental 
results  reqniree.  Owing  to  the  complex  and  changeable  nature  of  the  samtanoeii  in 
fpK'sti  II  -  (jonijdetely  exact  agreement  l>etween  incasun and  calculali  ri  fan  never 
be  expccl^xi,  and,  for  this  reason,  the  widest  possibiiiiies  for  theoretical  proseutation 
offer  themselvee." 

With  reference  to  the  two  theories,  the  puri  ly  f'c  *  ro  chemical  and  the  colloidal, 
where  the  conditions  at  finite  boundary  surlat.es  are  taken  nitu  account,  the  same  reviewer 
says,  "  The  two  are,  in  point  of  fact,  nowhere  and  never  in  opposition,  bat  are  merely 
different  stages  in  tlie  complete  anal5'e?a  of  tlie  physico-chemicnl  phpnomcna." 

All  lUutsLratiou  due  to  A.  W,  Stewart  {t'htmical  World,  2i  *>3)  will  serve  to  show  the 
ntitleading  effect  of  a  one-sided  consideration.  "Suppose  that  we  gave  two  specimens,  a 
diamond  and  some  graphite,  to  be  examined  by  purely  chemical  methods  on  the  one  hand,  and 
by  purely  physical  metnods  on  the  other.  The  chemist,  relying  on  his  analysis,  would  dedtsrs 
them  to  he  identical,  consiistin^,  as  thev  do,  of  carVmn.  'I'lie^  physirist,  on  the  other  hand^ 
from  an  examination  of  colour,  density,  form,  etc.,  would  pronounce  them  to  be  different  from 
one  another.  Both  would  be  right,  but  each  in  possession  of  half  the  truth  only."  If  we 
wanted  to  <  ut  k'I^'^'*.  it  wfiuld  not  be  of  any  help  to  be  told  that  the  chemical  composition  of 
diamond  and  graphite  is  the  same.  On  the  »>thpr  hand,  suppose  that  we  w  anted  Uj  prepare 
carbon  dioxide  by  burning  in  oxvgen,  eillicr  wmild  serve,  although  we  should  hardly  choose 
the  diamond  for  the  purpose.  J^hould  the  electronic  theory  of  the  constitution  of  atoms  be 
correct,  reconciliation  between  tho  chemical  and  physical  points  of  view  will  presumably  be 
fsimd  in  molecular  physios. 

In  order  to  indicate  the  kind  of  problems  which  confront  us  in  the  study  of 
protrins,  tho  work  of  Hopkins  and  J^avory  (1911.  y.  240)  on  Bence-Jones* 
protein,  may  be  referred  to.  This  suV>stnnco  is  found  in  the  urine  in  certain 
disordei'S  of  metabolism,  and  is  characterised  by  its  peculiar  behaviour  on  heating. 
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In  the  absence  of  salte,  it  coagulates  on  heating  to  otit  50°,  and  becomes  an 
irreversible  or  snspensoid  colloid.  If  neutral  salts  aru  present,  the  ooagulum  is 
redisaolTad  on  boiling,  owing,  perhaps,  to  tlie  formation  of  a  diemioal  compound 
with  salts,  although,  as  we  abUl  see  later,  this  interpretation  is  rather  questionable. 
If  the  snspensoid  particles  are  given  a  positive  or  negative  charge  by  traces  of  acid 
or  alknli.  the  precipitating  eflfect  of  electrolytes  comes  into  play,  and  tlie  anion  or 
cation  becomes  prepotent,  according  to  Hartly's  rule.  We  have  then  a  complex 
state  of  anti^nistie  eflbots.  There  are  two  relations  to  be  taken  into  acoonnt,  nne 
between  the  salt  as  a  whole  and  the  protein  molecule,  perhaps  a  chemical  one, 
although  the  lyotropie  effects  described  in  the  prece<lin;tj;  section  must  not  be 
forgotten,  the  other  relation,  a  physico  chemical,  colloidal  or  electrical  one  betweec 
the  particle  {qtui  particle)  and  the  ions  of  the  salt  as  carriers  of  electric  charges. 
In  no  other  wvr  can  the  sxporlmental  facts  be  satisfaetorily  explained. 

A  few  words  are  requisite  at  this  stage  as  to  the  chemical  nature  of  proteins, 
so  far  aa  to  make  intelligible  the  way  in  which  it  intervenes  in  their  colloiilal 
reactions.  A  more  complete  account  will  V)e  found  in  Cliapter  IX.  It  has  been 
showu,  mainly  bv  the  work  of  Emil  Fischer  (''Collected  Papers,"  190G),  that  these 
substances  are  .mned  by  the  condensation  of  a  number  of  molecules  of  various 
ammo-acids.  Now  the  amino-acids  are  characterised  by  the  presence  of  one  or 
more  NTT.  irroups,  giving  them  basic  properties,  and  one  or  more  carboxyl  groups, 
giving  tliem  acidic  properties.    Alanine,  or  amino-propionic  acid,  is 

They  belong,  therefore,  to  the  class  of  electrolytes  called  by  Bredig  (1899) 
ainpooterie,  oehaiing  towards  strong  bases  as  acids,  and  towards  strong  acids  as 
basoSL    When  tiie  OOOH  and  NHj  groups  are  equal  in  number,  as  in  alanine,  the 

amino  acid  is  very  nearly  equally  strong  as  a  base  and  an  acid,  and  is  therefore 
practically  npiitrnl  in  reaction,  actually  very  faintly  acid.  If  the  NHj  groups  are 
in  excess,  a^j  in  the  diamino-monocarboxylic  acid,  lysine,  the  substance  becomes  a 
fbirly  strong  base ;  while,  if  the  carboxyl  groups  are  in  excess,  as  in  the  mono* 
amino-dicarbozylic  acid,  aspartic  acid,  we  have  a  fairly  strong  acid.  These  acids 
are  capable  of  combiniT^g  together  by  the  COOH  of  one  uniting  with  the  NH| 
of  another,  with  elimination  of  water,  thus : — 

— CX)!0H     "hIhN—  becoaH»-CO<-HN— 

There  are  always  some  NIl^  and  some  COOH  groups  left  uucombined,  and 
aooofdiog  to  the  relative  number  of  these,  the  resulting  protein  or  polypeptide 
will  have  the  properties  either  of  a  base^  a  neutral  substance,  or  an  acid.  This 
brief  sketch  will  sutllce  for  our  present  purjxiae,  although  it  he  rcmemWred 
that  some  of  the  constituent  amino-acids  are  complex  compounds  containing 
aromatic,  pyrrol,  iminazol,  etc.,  groups. 

When  combined  with  base  or  add,  say  sodium  or  hydrochloric  acid,  an 
amino-add  f<wms  a  salt,  thus  alanine  becomes  sodium  amino-propionate  or  alanine 
hydrodUoride  respectively : — 

CH,— OH— COONa  Cfl.'-CH— COOH 

I  I 
NH,  NH,HC1 

Similarly,  the  free  NH^  and  COOH  groups  of  the  protein  cari  i^act  with  acid  or 
base  to  form  a  salt. 

Now,  like  all  salts,  these  salts  of  proteins  are  electrolytically  dissociated  in 
solution,  the  sodium  salt  of  globulin,  for  example,  partially  dissociates  into  Na*  and 
a  larire  organic  anion,  which  has  tlie  properties  of  the  colloidal  state.  The 
hydrochloride  dissociates  into  CI  aud  a  iuri^e  colloidal  organic  cation.  We  see 
thus  how,  by  direct  chemical  means,  we  can  obtain  the  same  protein  with  a 
negative  or  a  positive  charge.  It  appears,  also,  that  these  colloidal  ions  arc  very 
tsMiy  to  form  sggr^tei^  as  the  simple,  insoluble,  inorganic  salts,  such  as 
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arsenious  sulphide,  do.  It  remains  as  yet  unceitain  wbetliei-  mauy  uf  tlie  complex 
pn^eioit  occurriiig  naturally,  aro  not  aggregates  of  Tuiotis  mmpler  onei^  united 
by  niMns  not  strictly  chemicaL 

As  remarkod  above,  proteins  may  be  either  weak  nrids  or  weak  bases.  Tn  the 
former  case,  owing  to  the  preponderance  in  number  of  H-  ions  given  off,  the 
colloidal  ion  is  left  negative,  just  as  silicic  acid  is;  in  the  latter  case,  the  protein 
particle  will  be  positive,  ae  it  gives  off  rapidly  moving  OH'  ions.  If  the  protein 
is  an  a|sregate,it  is  clear  that  dissociation  will  oceor  in  the  case  of  those  moleculea 
on  the  surface  only,  and  tlie  colloidal  ion  will  be  more  bulky  than  if  the  protein  is 
in  sin*?le  moloculoH. 

It  18  of  intertjijt  to  recurd  tho  fact  that  crystals  of  leuciue,  a  simple  amino-acid,  suspended 
in  tticirown  saturated  solution,  have  a  small  negative  charse,  a^  would  be  expect'^  from  the 
slijghtly  more  acidic  than  Im-sif  character  of  leucine  iteelf.  When  a  solution  of  leucine  is  made 
acid,  there  is  a  depoeiiiuti  uf  the  solute  on  the  cathode,  when  a  current  is  passed  through  the 
solution,  and  vice  versa  when  made  alk«lin«.  Thus  it  behaves  in  the  same  way  is  a  protaiB 
ander  the  saine  conditiona. 

On  addition  of  small  amounts  of  a  strong  acid  to  a  solution  a  very  weak 
acid,  by  the  law  of  mass  action  the  dissociation  of  tho  weak  acid  is  practically 
abolished,  so  that  its  molecules  are  almost  entirely  pi-escnt  as  neutral  uncharged 
elements.  The  same  thing  happens  when  a  strong  acid  is  added  to  a  protein 
solution.  But  owing  to  the  amiho-acid  nature  of  the  latter,  the  effect  in  qu^tioo 
is  replaced  by  formation  of  a  salt  when  the  quantity  of  acid  added  is  increased  ; 
the  acid  then  combines  with  the  basic  groups  of  the  amino-acid.  At  a  particular 
concentration  of  acid,  therefore,  the  protein  exists  with  a  maadmum  of  electrically- 
neutral  molecules.  This  is  tiie  tMMfeefrte  pot«i<,  which  vanes  with  liiflbvenl* 
proteins,  according  to  the  degree  of  their  acidic  properties. 

Now  it  is  found  experimentally  that  the  lyophile  character  varies  greatly 
accordinfj  to  the  presence  or  absence  of  the  electric  charge,  t.e.,  whether  the 
protein  is  in  the  form  of  an  ion  or  otherwise  (Fauli,  1^12,  p.  226).  The  increase 
of  hvdiation  implied  in  this,  goes  with  increase  of  properties  such  as  viscosity, 
imbibition,  solubility,  osmotic  pressure,  difficulty  of  coagulation  by  aloohol  and 
heat,  siirfjice  tension,  and  rotation  of  polarised  light.  The  importance  of  the 
distribution  nf  fho  solvent  between  the  phases  of  a  colloidal  s^'stem  has  been 
emphasised  by  iiatscbek,  as  already  mentioned,  and  we  see  now  how  the  effect  of 
aeid  and  of  aUcali  in  increMing  the  water  content  of  the  dispersed  phase  may  be 
<-xplained  by  the  production  of  protein  ions.  As  will  be  shown  in  more  detail 
in  Chapter  VITT.,  ions  are  usually  associated  with  a  considerable  number  of 
molecules  of  the  solvent. 

The  action  of  timtral  salts  is  not  so  simple.  The  example  of  the  Bence-Jones' 
protein,  given  previously,  points  to  a  double  action,  if  not  a  triple  ona 

The  effect  of  salts  in  large  concentration  in  removing  water  from  the  internal 
phase,  and  thus  producing'  what  is  known  "  s-ilting  out/'  has  been  described 
UHflcr  the  head  of  emulsoids  above  (page 'J 7 ).  The  precipitating  power  of  salts 
follows  the  Hofmeister  series  "  and  it  is  important  to  note  that  certain  properties 
of  water,  such  as  surface  tension,  viscosity,  compressibitity,  are  afiected  in  the 
same  order,  so  that  it  is  to  be  suppo^^ed  that  the  action  of  salts  in  ren^jving  water 
is  exerted  rather  on  the  water  its<;lf  than  on  the  protein  (Pauli,  1912,  p.  23^). 

The  sanv  •^rv'ws  was  fuund  by  Rothmund,  independently  [ZtiUch.  f.  pJiysik.  Chem.,  33i 
401),  to  apply  to  the  case  of  the  solubility  of  phenylthiocarbamide.  Sohryver  (1910)  brings 
%h»  phenoniMia  iato  relaticmihip  with  the  eflfoot  of  tm  salts  on  the  sorfue  touioo  of  water. 

'Whether  there  is  actual  chemical  union  between  proteins  and  neutral  laltB  is  a 
matter  of  some  dispute.  It  has  been  suggested  that  reaction  may  oecnr  in  such  a 
way  that  both  potassium  and  chlorine,  for  example,  may  join  on  to  the  nitrogen  of 
the  NHj  group,  as  11  and  CI  do.  Another  possibility  is  that  the  K  may  unite 
with  COOH  in  the  usual  way,  while  the  CI  joins  to  the  NH,,  with  the  aid  of  the 
H  displaced  from  COOH.  These  suggestions  do  not  seem  very  probaUe  firam  the 
chemical  point  of  view,  although,  of  course,  not  impossible.  Until  recently,  no 
direct  evidence  had  been  brought  forward  in  favour  of  c^nnbi nations  of  a  chemical 
kind,  but  Ffeiffer  and  Modelski  (1912)  state  that  they  have  obtained  crystalline 
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ialts  of  glyooooll  with  oaldtun  ohloride  and  Uthium  chloride^  although  none  could 
be  obtained  with  potassium  chloride.    A  fact  which  also  nwkes  tlw  evidenee  nthor 

ancertain  is  that,  in  ordor  to  maintain  constant  composition  in  snofensive  re- 
crjst-ailisatioii,  it  waa  ueccs&ary  to  add  dilute  acetic  acid.  If  r^crystallised  from 
water,  no  constant  composition  was  shown. 

T  have  repeated  Mme  of  t1ie«e  eTpefHments,  but  hare  been  unable  to  get  crystals  of 

constant  composition,  even  usin^  ,  .  ti-  aci<J.  and  have  l>een  conipell<  <l  to  <  onclmle  that  tin- 
preparationa  of  Pfeitier  and  Modelski  oonsisted  of  mixed  orystab,  although  it  is  ditlicult  to 
aooount  for  their  results  being  in  aocordanoe  with  these  required  by  the  chemical  formnltt. 
I  found  that,  unless  tho  ^solutions  were  very  highly  cnncentrattMl .  the  pun-  amino  acid,  both  in 
the  case  of  glycoeoll  and  of  leucine,  crystallise^  out  tirst  and  that  it  was  not  till  the  mixture 
was  evaporated  nearly  to  dryness,  or  oy  the  addition  of  akoholt  that  the  neutral  salt  came 
down  alaa   Farther  evidence  on  this  point  is  therefore  neoeesary. 

On  the  other  hand,  there  is  certain  evidence  that  aalts  are  ad.sorlxMl  by  proteins. 
Such  effects  as  those  on  the  temperature  of  coagulation  are  found  to  be  expressed 
by  a  formula  similar  to  that  of  adsorption,  and  n(jt  by  stoichiometrical  relations. 
The  amount  of  salt  atUiched  to  the  protein  particle  is  found  to  be  in  certain  pro- 
portioQ  to  that  free  in  the  external  phase.  Pauli  (1912,  p.  231)  also  points  out 
that  there  is  evidence  that  a  snrCace  action  is  in  question,  in  that  the  viscosity 
of  protein  solutions  is  always  lowered  by  the  addition  of  a  salt.  This  implies 
that  tho  Rurface  ui  conta,ct  is  changed  from  one  between  albumin  and  water  to  one 
between  salt  and  water. 

If  salts  are  adsorbed  by  protein,  it  is  to  be  expected  that,  in  the  case  of  comparatively 
insoluble  saltw,  a  considerable  difference  wouM  l>e  found  in  their  apparent  solubility  in  water 
and  in  protein  solutions.  Thia  has  been  found  to  bo  the  case,  by  i^uli  and  Samec 
p.  241 ),  lor  oalohiBi  sulphate,  phosphate  siid  earbonate,  sUicio  aoid  and  uric  aoM.  anionni 
f  ^  ery  soloUe  sslts  siosorbsa  would  be  too  small  a  peroentage  of  the  total  solubility  to  be 
detected. 

Some  experiments  made  by  myself  (1908,  p^  182)  ou  the  rate  of  removal  of  salts  from  gelatine 
by  wntcr.  also  point  to  the  sdsoTpttoa  aatufs  of  the  union,  as  also  other  experiments  on  the 

taking  up  of  salts. 

A  further  fact  in  connection  with  the  question  before  us  is  that  msesurements  of  electrical 

conductivity  show  no  effects  of  neutral  salts  similar  to  those  which  are  30  olivious  where  we 
know  that  true  chemical  reaction  takes  place,  viz.,  with  strong  acids  and  idkulies. 

The  experiments  of  Bugarsky  and  Laebemi.inn  (1898,  pp.  (IS,  72)  show  that 
no  combination  occurs  between  proteins  and  neutral  i>alt8,  whereas  it  doefi  between 
proteina  aiad  strong  aoida  or  alkalies.   (See  also  ])age  221  below.) 

Chemical  combination  between  neutral  salts  and  proteins  is,  then,  very 
doubtful  and  cannot  be  used  in  explanation  of  observed  facts  unless  directly 
proved  to  take  place.  ' 

The  fact  that  the  etlect  of  anions  on  the  imbibition  of  water  by  starch  and  by 
albniBin  ia  identical,  as  shown  by  Samec  (1911,  p.  154),  is  difficult  to  anderstand 
on  the  assumptkm  of  a  chemical  union. 

That  there  are  relationships  of  an  i'lfrir>cal  nature  between  proteins  and  ions, 
apart  from  effects  on  the  sohont  or  choinical  reactions,  is  shown  e.**j*ecially  by  the 
work  of  Min^  (1912,  p.  217)  with  regard  to  the  action  of  various  ions  on 
ennolBoida,  induaiTe  of  prot^i.  Thne  is,  in  fact,  an  action  similar  to  that  on 
suspem^oids  or  hydrophobe  colloids.  This  latter  we  have  already  seen  to  be  due  to 
electrical  charges  as  such  and  it  is  natural  to  look  for  similar  effects  in  the  case  of 
proteins.  Perhaps  the  most  striking  evidence  in  tliis  connection  is  the  behaviour 
of  the  heart  muscle,  which  will  be  better  discussed  in  Chapter  VII.,  under  the 
action  of  electrolytes  in  general.  For  the  present,  we  may  note  that  the  heart  of 
the  dogfish  is  10,000  times  more  sensitive  to  various  simple  trivalent  ions  than  to 
the  bivalent  ion  Mg'  (p.  216).  This  extraordinary  disparity  between  the  effects 
of  two  ions,  not  very  different  chemically,  but  whose  electric  charges  are  as  3  to  2, 
shows  distinctly  that  electrolytes  have  an  effect  on  proteins  or  other  emulsoids  in ' 
addition  to  the  possible  formation  of  salts,  and  that  this  effect  is  in  relation 
to  their  electric  charges.  This  again  being  due  to  the  adsorption  by  a  surface  of 
ions  of  opposite  charg^o  to  its  own,  will  clearly  depend  on  the  sijjn  and  amount  of 
the  charge  of  the  pi-otein  particle ;  in  water  this  charge  is  small  as  a  rule,  but 
in  acid  or  alkali,  by  the  increased  production  of  colloidal  ions,  the  charge  will  be 
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greater,  and,  as  we  have  seen  in  the  case  of  the  BenOftJones' protein,  tbeactioa 
u£  salts  as  ions  on  particles  becomes  more  marked. 

Silk  is  a  proteip  and  forms  a  convenient  means  of  toting  Rome  of  the  relations  of  tl;.  se 
»ub«Uiioea  to  electrolytes.  lo  pure  water,  it  bat  a  slight  negative  charge,  due,  no  doubt, 
to  \\»  attidie  fimotion  exoeedtng  its  basio  one.  As  an  electro-negatiTe  ooUoid,  it  is  mpecially 
f-eiisitive  to  the  action  of  cationo,  wo  far  as  conoerus  all  properties  depending  its  «  h  it  „'e, 
1  have  reoeoth'  tested  its  behaviour  towards  a  ooUuidal  acid,  that  of  Congo  rvd,  wiLh  which  iC, 
as  a  potential  base,  is  capable  of  formins  a  salt  of  the  nsnal  red  oolour,  being  dyed,  in  fact. 
Now  Dotli  th'  silk  uiid  the  colloidal  acid  are  negative,  so  that  verj' little  adsorption  takes 
plaoe,  unless  we  revorue  the  sign  of  the  charge  ou  the  silk  by  the  addition  of  caiioos.  Calcium 
sulphate,  of  very  low  conc  entniiioo,  was  OMd  for  tiie  pnrpoee.  The  effect  of  the  electrolyte 
was  the  same  as  m  the  case  of  filter  paper  b&  described  on  pa^'e  58  above.  The  Ayv  ivr^p  nt!  rl >xl 
by  the  silk,  which  was  thus  tlyefl  blue,  the  colour  of  the  Uce  acid,  like  the  adsorption  corn- 
poun<i  ot  tliorium  hydroxide  with  the  same  aoid.  On  heating,  chemical  reaction  occurred, 
with  the  formation  of  a  rwl  salt  of  silk  protein.  The  interest  of  this  experiment  in  that  it 
(ihows  the  intervention  of  electric  furct's  in  addition  to  the  purely  chemicWl  ones.  Leucine, 
suspended  in  its  saturated  solution,  also  forms  a  bloe  adsoqitioa  oompoond  with  tiM  OoQgo-red 
aoid,  whioh  beoooras  a  red  salt  on  warming. 

The  natural  proteins  are,  as  we  have  seen,  comparatively  inseasitiv«  to  tii6 
action  of  neutral  salts.  Certain  of  thera,  however,  known  as  albumins  and 
f^lobulins,  are  capable  of  a  change,  called  ''^  dfiuUuroAion^'  by  which  they  approxi- 
iuate  to  the  suspeuBoid  class,  in  so  far  as  becoming  more  sensitive  to  Uie  action  of 
salts,  although  their  high  viBOomty  «nd  low  surface  tension  shows  them  to  be  also 
hydrophile.  A  familiar  instance  of  **deiiittui»tioii"  is  the  ofieet  of  boiling  watef 
on  white  of  egg.  What  precisely  happens  is  as  yet  unknown,  although  the  work 
of  Hardy  (1H99,  i.  p.  182)  and  of  Chick  and  Martin  (1912)  has  thrown  much  light 
on  the  ptxx;eHs.  Hardy  showed  that  in  the  coagulation  of  egg-white  by  hoat  there 
are  two  distinct  stages :  ( 1 )  denaturation,  by  which  the  protein  becomes  precipitaUe 
by  salts,  according  to  the  same  law  of  valency  as  the  inorganic  suspensoidSi  and  (2) 
tbe  afjirluti nation  of  the  denaturated  particles  by  electrolytes,  if  present. 

A"-:  ^ve  saw  in  the  case  of  blood  corpuscles  acted  on  by  cerium  salt,  if  the 
conccutiatiuu  of  the  Ce  *'  ions  be  large,  the  sign  of  the  charge  is  reversed  on 
all  the  oorpuicles  together,  and  redispersion  takes  place.  Sii^larly,  diroernoo 
of  protein  particles  by  salts  can  occur.  When  all  particles  are  equally  ehargod, 
although  of  an  opposite  sii^t  to  their  original  one,  mutual  repulsion  ensaes, 
while  dispersion  is  also  aH.sisted  by  the  lowering  of  surface  tension  which  is 
the  result  of  the  increased  charge.  Chick  and  Martin  (1912,  p.  293)  call 
attention  to  the  relation  of  the  facility  with  which  weak  acid  or  alkali  oauaes 
redispersion  of  the  heat  coagulum  of  a  protein  to  the  nature  of  the  aggregated 
precipitate.  In  a  loosely  agglutinated  moss,  each  particle  is  sufficiently  distinot 
to  cni  ry  its  own  charge,  whereas  when  the  particles  are  closely  pack<>^i  without 
interspaces,  the  charge  will  be  on  the  surface  of  the  mass  as  a  whole.  A 
small  char^^  will  readily  produce  breaking  up  in  the  former  oa86,  bat  c&n 
only  affect  the  most  superficial  partidee  in  the  latter.  For  further  tnfbmia- 
tion  the  reader  is  referred  to  the  papers  of  the  investigatois  named. 

Chick  and  Martin  (191S)  have  also  devoted  a  detailed  investigation  to  the  phenomena  of 

"salting  out,"  wtiirh  should  lie  consulted.  Wo  may  note  that  the  effect  of  nydn»gen  ion 
concentration  shows  that  electrical  charge  plays  a  considerable  part,  as  does  also  the  effect 
of  the  vlilency  of  the  precipitating  ton. 

From  tlie  preceding  short  account  of  the  colloidal  nature  of  proteins,  it 
will  be  obvious  that  the  phenomena  presented  by  them  are  of  much  oomplexity, 
and  are  not  yet  altogether  clear.    Owing  to  their  great  variety  in  «*«nifiml 

constitution  and  the  corresponding  variety  in  their  behaviour,  it  becooies 
aliiKjst  a  nece.s.sity  to  devot*-  a  special  study  to  each  one.  There  can  be  no 
doubt  that  their  manifold  uipabilities  of  cliange  in  state  make  them  verv 
important  in  physiological  processes.  The  effect  of  electrolytes,  and  especi«Ulv 
of  H'  and  OH'  ions,  on  this  state  may  be  emphasised.  Adsorption  of  ifff^tii^ 
especially  of  those  which  arc  comparatively  insoluble,  is  also  to  be  remembend. 
Since  the  degree  of  adsorption  is  proportional  to  the  surface,  it  will  be  soon 
how,  by  alterations  of  state  of  aggregation,  electric  charge,  or  surface  t€»ision. 
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«daorbdd}  and  tberefore  iiMctive^  anbataaoes  maj  be  aet  free  to  manlfesi^  tlwir 
activity,  or  *'mo6tliMi^"  to  use  «  frequent  fotin  of  expresskm. 

The  protetnt  of  blood  plasma  do  not  •pPMr  to  serra  m  food  to  tho  tiarae  eollt.  Q  uagliarieilo 

(1012.  p.  174)  showed  that,  when  inieotea  into  the  blood  vesselM,  they  are  only  utilised  wiUi 
extreme  alowoeea.   It  appears  that  their  chief  value  is  due  to  their  properties  as  colloids. 

COMPLEX  COLLOIDAL  SYSTEMS 

When  a  solubion  of  an  electro  positive  colloid,  such  as  ferric  hydroxide,  is 
added  to  cue  of  an  electro-n^ative  colloid,  such  a&  ar^enious  sulphide,  if  the 
proportion  61  the  two  is  such  that  the  charges  will  mutually  annul  each  other, 
both  coUoida  are  precipitated  aa  a  eomplez,  and  the  aolution  ia  left  free  from 
both.  This  phenomenon  has  been  investigated  espeoially  by  Biltz  (1904).  The 
precipitate  will,  in  such  a  case,  have  no  charge.  If  excess  of  either  colloid 
is  present,  only  partial  precipitation  will  occur,  and  botli  colloids  will  be 
preaent  in  the  precipitate  and  in  the  liquid  above,  although  in  different  pro- 
portion in  the  two.  In  other  words,  we  have  an  adaorption  compound  formed, 
whose  composition  depends  on  the  relative  concentration  of  its  components  in 
the  solution,  and  whose  electric  charu*^  )m«  the  sign  of  that  colloid  wliieh  is 
in  excess.  Tlie  fact  that  only  partial  precipitation  or  mere  aggregation  takes 
place  when  either  colloid  ia  in  excess  la  aometimes  put  in  the  form  that  the 
precipitate  is  aolttble  in  excess  of  eittier  colloid. 

In  such  a  comparatively  simple  system  we  see  already  conditions  of  much 
complexity,  and  when,  in  addition,  emulaoid  coUoida,  or  proteins,  are  present,  the 
possibilities  are  still  more  manifold. 

The  triple  adaorptkn  ooinpoan«k  of  Raehhnann  (1906)  have  already  been 
deaeribed  (page  65),  and  one  or  two  exaaoplee  of  other  oomplex  ayatema  may  be 
instructive. 

The  fact  that  filter  papers  tnke  up  a  greatly  increased  amount  of  Congo-red 
when  its  ne^tive  charge  is  reduced  or  reversed  by  cations,  such  as  Ca*  *,  has  been 
previonely  rafemd  to.    Now,  if  gektine  be  added,  tfaia  effaot  is  practically 

abolished,  becauae  the  gelatine  coats  the  paper  with  an  emnlsoid,  itself  inaensitive 

to  Ca'  •  ions.  Egg-white  behaves  in  the  same  way  as  gelatine,  if  in  neutral 
solution  ;  but,  if  made  acid  (i.e.,  electro  positive),  it  incremes  the  action  of  Ca*  •  ions, 
.'md  if  alkaline,  it  diminishes  their  action,  as  in  neutral  solution  Bayliss, 
1906,  p.  201). 

The  following  experiment  of  Larguier  dea  Bancela  (1908,  p.  198)  is  of  interest 

in  showini^  how  an  effect  varies  according  to  concentration :  2  c.c.  of  a  dilute 
(0*125  per  cent.)  solution  of  aniline  blue  is  totally  precipitated  by  T)  drops  of  a 
certain  ferric  hytiroxide  prepjiratiou.  If  5  drops  of  saturated  ammonium  sulphate 
be  added  in  additkm,  (»ily  partial  precipitation  the  aolution  ia  left  deep 

blue.  But  if  40  dropa  of  the  ammonium  aulphate  be  added,  the  p^ipitate  ia 
a^un  nearly  total. 

As  rases  where  we  have  to  deal  with  complex  mixtures  of  interacting  colloids, 
we  may  mention :  the  coagulation  of  the  blood,  and  the  innumerable  phenomena 
connected  with  hemolysins,  immnnity»  and  anaphylaxis,  together  witik  intracellular 
prooeaaea  in  general. 

An  elaborate  syatom  of  names  has  boon  introdeosd,  eBpecially  in  connection  with 

haemolysins  and  tho  coajfulation  of  th.  hlood,  names  which  implydefinite  chemical  individuals. 
From  the  complexity  of  the  results  to  be  obtained  in  colloidal  reacUoDS,  from  a  very  few 
distinct  cherntcal  substanoes,  it  seems  more  than  probable  that,  as  soon  as  sufncient 
knowleilgc  is  obt;iinf><:l  of  the  nature  of  the  phenomeoa  in  the  .'systems  referred  tn,  the 
necessity  tor  most  of  these  names  will  be  found  to  have  disappeared.  At  preuvnl  wo  find  an 
iavsstigator  content  to  refer  an  experimental  result  to,  say,  deviation  of  complement," 
apparently  unaware  tliat  he  is  merely  translating  into  a  classical  language  what  ho  has 
previously  described  in  his  mother-tongue.  This  particular  case  appears  to  lie  merely 
one  of  adsorption,  a  general  phenomenon  explicable  on  siuli  fundamental  laws  as  the 
principle  of  Clausius  and  Camot^  This  question  of  terminology  will  be  of  neoeaaity 
nenttoned  again  (pages  907  sod  888  below). 

Tlie  ]>Hv  r     f  <;engou  (19M)  Will  be  foond  Twy  instruotiTe  in  oonnsction  with  the 
subject  of  the  present  section. 
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MODES  OF  PREPARATION  OF  CX>LLOn>AL  SOLUTIOKS 

Certain  processes  have  mcid^tally  been  given  in  the  previous  pages. 

As  a  general  statement^  it  may  be  said  that  the  ofajeot  to  be  attained  is  the 

formation  of  oxoe^sively  minute  particles  of  the  substance  '^vhit^h  it  is'  rlfxiired  to 
obtain  in  the  colloidal  state,  la  the  case  of  the  suspensoid  or  irreversible  class,  it 
will  be  pUin  tliat  we  cannot  take  a  portion  of  the  dry  solid  and  dissolve  it  in 
water  in  the  way  nsually  done  in  preparing  solutions.  This  can  he  done  with 
emulsoids  in  moat  oases,  especially  with  the  ])roteins ;  so  that^  if  s»  preparation  of 
colloidal  silver,  for  example,  is  desired  in  the  dry  state,  «?ncb  that  it  can  be  made 
into  a  solution  by  mera  addition  of  water,  the  method  adopted  is  to  coat  the 
particles  with  some  protein.  This  is  done  by  adding  such  a  protoia  to  a  solotioii 
of  tiie  suspensoid  and  then  evaporating  to  dryness.  The  commevoial  "ooUaigoL" 
is  such  a  preparation  of  colloidal  silver. 

In  the  case  of  the  suspensoids,  in  order  to  prepare  their  solutions,  tlie  particles 
themselves  must,  as  a  rule,  be  foimed  in  the  liquid  which  is  to  be  the  medium  of 
dispersion.  Arsenions  sniphide  is  formed  by  passing  hydrogen  sulphide  throngb 
a  solution  of  arsenious  acid  and  sols  of  various  metals  by  disintegration  with  ue 
electric  arc  (Breclig)  or  spark  (Svedljerg)  in  the  water  or  otfier  liquid.  In  order 
that  such  sols  shall  be  permanent,  foreign  electrolytes  must  be  removed  as  far  «» 
possible. 

It  IS  itideed  sometimes  a  difficulty  in  analytical  work  that  precipitates  will  not  depoait 
bocaus©  of  the  absence  ot  elei  trolytea  to  cause  their  aggregation.  iSometimes  it  is  possible  to 
add  a  trace  of  aa  appropriAte  positive  or  negative  trivaleat  ion,  whiob  will  prodaoe  umnediata 
<dearing. 

In  traces,  certain  metals  such  as  lead  and  (X)pper  pass  into  what  seem  to  be 
ooUoidal  hydroxides  by  mere  eontaet  with  water,  confeiring  oertnin  toxie 
properties  on  the  water.    This  is  known  as  "oligodynamic"  aetioii»  of  which 

more  will  be  said  later. 

Metallic  hydrosols  can  be  frequently  prepared  by  reduction  of  their  salts  with 
various  reagents,  such  as  phosphorus  or  formaldehyde  in  the  oaae  ui  gold. 

When  a  metallic  salt  is  hydrolytically  dissociated  in  water,  prolonged  dialysis 

removes  the  free  acid,  leaving  the  colloidal  hydroxide.  Instances  are  ferric 
and  thorium  hydroxides.  In  such  case.s,  as  also  in  those  where  the  colloid  is 
formed  by  double  decomposition,  an  adsorption  compound  with  the  salt  or 
precipitant  is  usually  formed.  For  example,  ferric  chloride  on  dial]rsis  gives 
a  series  of  colloids  containing  less  and  less  chlorine  In  relation  to  iron,  from 
3  of  CI  to  1  of  iron,  to  1  of  CI  to  400  or  500  of  Fe,  in  no  stoichiometrical 
proportion.  If  dialysis  be  continued  until  nearly  all  the  chlorine  is  removed, 
the  colloid  tends  to  deposit  rapidly ;  it  seems  to  be  stable  only  when  in  adsorption 
oombination  with  a  certain  amount  of  the  ohlortda 

To  prepare  emulsoids  free  from  salts,  as  is  frequently  required,  the  only  way  i» 
prolonged  draly.sis.  Owing  to  tb»»  pecnliarity  of  a'l«:nrption  being  relatively  greater 
the  lower  the  concenti-ation  of  the  solution  of  the  adsorbed  substance,  it  is  a  matter 
of  much  difficulty  to  remove  the  last  traces  of  salts  (Bayliss  lUOG,  p.  Idl). 

For  colloidal  dyee,  Harrison's  method  (p.  71  above)  is  a  useful  means  of 
purification. 

In  the  production  of  a  colloidal  solution  from  a  true  solution,  it  will  be  clear 
that  there  is  au  increase  of  surface  energy  at  the  expense  of  a  loss  of  osmotic 
energy  (see  p.  158).  In  sttoh  Cases,  the  balance  of  energy  changes  cannot  be  stated 
without  investigation  of  ea(^  case.  If  the  colloidal  solution  is  prepared  by  dis- 
integration of  a  .solid  mass,  as  in  Bredig's  electrical  method,  the  surface  energy 
undergoes  considerable  increase,  as  does  also  the  electrical  energy,  and,  to  a  sHgl^t 
extent,  the  osmotic  energy ;  so  that  energy  must  be  supplied  to  the  system  by  the 
electrical  euirent.  Thinv  (b  no  nmultaneous  disappearanos  of  the  osmotio  mnwgy 
of  a  dissolved  salt. 

SUMMARY 

Matter  in  the  colloidal  state  is  in  the  form  of  ultra-microficopic  partides  of  solid, 
or  droplets  of  fluid,  in  suspension  or  in  other  manner  of  dispersion,  in  another  solid^ 
liquid,  or  gas.   A  colloidal  solution  is  a  heterogeneous  system,  in  the  sense  that 
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there  aie  boundary  sarfMea  ol  contact  between  tbe  pbaeee,  although  these  phaeea 
oaimoi  be  readily  eepamted  by  neohanical  means. 

Moet  of  the  characteristic  properties  of  this  state  depend  on  the  enormous 
development  of  sarfaoe  in  proportion  to  the  total  mass. 

The  chief  fa<!tor  in  the  stability  of  such  systems,  except  those  of  two  solid 
phases,  is  the  Brownian  movement  of  the  particles  ;  this  movement  is  essentially 
identical  with  \h»  molecular  moveiuent  of  the  medium  in  which  the  particles  are 
suspended. 

There  is  reason  to  believe  that,  by  appropriate  means,  any  substance  could  be 
obtained  in  tiie  colloidal  states  and  that  Buostances  nsually  met  with  in  the  coUoidal 
state  might  be  made  cryataUine. 

!nie  two  great  classes  of  ooll<nds,  emnlsoid  or  lyophile,  and  suspensoid,  or 

lyophobe,  which  are  of  the  most  importance  in  phvsiolonfy^  diifer  in  the  stat''  nf 
the  internal  phnse,  which  is  liquid  in  the  former,  solid  in  the  latter.  OLinT 
properties  go  along  with  these,  and  the  names  lyophile  and  lyophobe  cull  attention 
to  uie  reifttion  of  the  dispersed  phase  to  the  liquid  sonoanding  it  The  internal 
phase  in  emulsolds  frequently  consists  of  a  solid  substance  associated  with  varyii^ 
amounts  of  the  so)^•ent,  a  fact  whicli  tvmfors  on  it  the  prAperkies  of  a  liquid  to  a 
gr»at<!r  or  less  degree.  The  relative  proportion  of  water,  etc.,  in  the  two  phases 
can  be  changed  reversibly  by  various  agencies,  especially  electrolytes. 

Tiie  existence  of  hnite  particles  in  many  caseti  can  he  demonstrated  By  the 
ultra-microscope,  in  which  diffiaction  discs  of  lij^ht,  sent  off  by  the  illuminated 
snrtaoes  of  the  partides^  are  obeerved. 

Owing  to  the  dimensions  of  these  particlea,  they  are  unable  to  pass  through  « 

membrane  of  colloidal  substance,  such  as  parchment  paper  or  collodion ;  whereas 
crystalloid?^  pass  rapidly  through  these.  The  process  is  known  a.s  dialysu  and  is 
of  frequent  use  to  separate  colloids  from  crystalloids,  iiy  the  application  of 
prossnref  which  must  be  greater  tiian  the  osmotic  pressure  ot  the  solution 
oonoemed,  water  also  can  be  forced  through,  so  that  this  process^  known  as 
"  ultra-filtration,"  can  be  used  to  concentrate  colloidal  solutions. 

When  tlie  internal  phase  consists  of  a  substnnce  capable  of  electrolytic 
dissociation  in  w;iter,  one  ion  being  freely  ^'ilublit  and  diffusible,  it  is  found  that 
the  'Jtirfa.  r  nf  the  particles  is  dis.soeiated  in  ihis  way  ;  the  soluble  ions  move  otl' as 
far  as  electrostatic  forces  permit,  leaving  the  opposite  ions  concentrated  ou  the 
surface  of  the  ]Murticle^  and  giving  it  their  combined  electric  charges.  The  giant 
midtiTalent  ion  so  formed  is  called  by  Havdy  a  coUoidal  ion. 

The  possibility  of  a  source  of  electrification  akin  to  f  rictional  electricity  cannot 
as  yet  be  defmitei v  excluded  as  another  soorce  of  ^  electric  charge^  usuaUy  found 

on  the  contact  surface  between  phases. 

The  possession  of  this  electric  charge  renders  colloidal  particles  sensitive  to  the 
presence  of  ions  of  opposite  charge.  These  neutralise  the  charges  on  the  particles 
and  cause  precipitation,  themselves  being  carried  down  with  the  precipitate.  Li 
this  process,  the  effect  of  valen<^  is  out  of  all  proportion  to  the  increased  number 
of  changes. 

In  the  case  of  emulsoids,  which  are  less  sensitive  than  suspensoids  to  this 
pnrely  electrical  eflFect,  neutral  salts  have  a  further  action,  shown  in  its  most 
uiarked  form  as  "salting  out";  but  in  lower  concentration  than  necessary  for  this 
purpose,  they  have  an  action  due  to  their  effect  on  the  general  properties  of  water, 
altering  ito  distribution  in  the  two  phases  of  the  system,  and  therewith  other 
properties,  such  as  surface  tension,  viscosity,  compressi]>ility,  coagulation  time, 
etc.  This  phenomenon  may  be  brought  into  relation  with  the  association  of  part 
of  the  water  with  the  ions  of  the  electrolvtea. 

There  is  also  evidence  of  adsorption  of  salts  in  the  case  of  proteins;  but 
.  wbetlier  any  true  chemical  comUnation  occurs  is  doubtful. 

Certain  emulsoids,  such  as  gelatine,  have  the  property  of  forming  semi-solid 
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structui-es  known  as  gd^  This  has  been  shown  in  some  caaes  to  depend  on  a 
redistribution  of  phases,  so  that  the  ttiotp  wjlid  one  changes  from  tbe  positioil  of 
internal  or  dispersed  phase  to  that  of  external  or  continuous  phase. 

AriotlKn'  important  character  of  ennil'^oids  is  that  of  hnhxhitiotx^  by  which  they 
take  up  lurgo  auiouats  of  water,  swelhng  lu  the  proce^iei,  aiul  exercising  considerable 
force.  Adds  and  alkalies  increase  the  amount  of  water  taken  ap  in  the  process. 
The  effect  of  neutral  salts  in  the  main  foUovs  the  s^imo  law  as  the  precipitating 
action,  but  it  seems  necessary  to  assume  an  additional  factor,  probably  adsorption. 

In  imbibition,  there  arc  probaV)ly  two  proccsso'^  at  work,  one  tlie  condensation 
of  water  on  the  surfaces  of  the  colloidal  elements,  the  other,  solution  of  the  watpr 
in  tho  substance  of  the  particles.  No  doubt  the  relative  part  played  by  each 
varies  with  the  amount  of  water  at  tbe  disposal  of  the  colloid. 

Imbibition  is  incapable  of  explaining  the  changes  of  volume  of  living  oeUs 
under  the  action  of  crystalloids. 

Proteins  are  emulsoids  and  obey  the  same  laws  as  oilier  members  of  the  daas. 

As  amphoteric  substances,  they  form  salts  with  strong  acids  or  bases,  which  salts 
arp  pVctrolytically  dissociated.  Tn  tlie  first  case  the  protein  ion.  coHoiflal,  is  the 
positive  one,  so  that  the  particles  forming  the  internal  phase  will  possess  positive 
charges ;  in  the  second  case,  it  will  be  the  negative  one. 

Since  the  acidic  ^d  basic  groups  may  not  be  of  exactly  equal  strength,  proteins 
are  sometimes  naturally  eleotrtcsily  charged  by  surface  ionisation  of  toe  kind 
described  abova 

The  efliBCto  d  acid  and  alkali  on  the  physical  properties  may  be  accounted  for 
by  the  properties  of  the  protein  ion,  formed  in  various  relative  amounts  in 

different  cases. 

Certain  proteins  are  capahlf  of  a  change,  known  as  *' denaturation,"  in  which 
their  properties  approximate  to  those  of  a  susptinsoid,  especially  in  regard  to  their 
sensitiveness  to  electrolytes,  in  accordance  with  Hardy's  rule  of  valency. 

The  phenomena  of  aggregation  and  mutual  action,  present^  by  mixtures  of 
colloids  and  crystalloids,  offer  great  complexity  and  are  of  much  importance  in 
physiological  problems,  although  as  yet  very  inadequately  worked  out. 
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CHAPTER  V 

THE  PERMEABILITY  OF  MEMBRANES  AND  THE 
PROPERTIES  OF  THE  SURFACE  OF  CELLS 

Am  aoNBbA,  after  hATing  taken  in  a  Tegetable  cell,  prooeeds  to  digest  the 

Bubstancoe  contained  therein.  Tlie  products,  in  order  to  serve  as  food,  must 
dlfiilse  from  the  digestive  vacuole  intn  the  othpr  p'lrt  :  of  tlio  prot<^jiIasm.  But,  if 
they  were  able  to  diffuse  out  from  this  protoplasm  into  tlie  water  arouuci,  tliey 
would  be  lost  to  the  organism.  There  is  good  reason  to  believe,  therefore,  that 
there  mast  be  aome  layer  or  film  on  the  outer  aar&ee  of  an  anMsba  through  which 
diasolved  non-oottoidal  aabstances,  such  as  sugar  and  amino-acids,  cannot  pass. 

"Evidence  waf?  tjiven  in  our  first  cliaptoi  to  ^how  that  living'  proff^pl-i'^m  must 
have  the  properties  of  a  liquid.  Tliis  fact  also  points  to  the  ntHMJsaity  ot  some  kind 
of  an  envelope,  otherwise  the  organism  would  stand  great  risk  of  colloidal 
diaperaioa  through  the  water. 

The  nature  of  this  limiting  membrane,  with  respect  to  the  subataiioeB  which  it 
•Uowe  to  pass  through,  and  those  which  are  kept  back,  is  of  much  importance. 

THE  PROPERTIES  OF  MEMBRANES  IN  GENERAL 

Tt  19  obvious  that  a  membrane,  being  merely  a  thin  sheet  or  film,  may  Ix? 
compoeed  of  almo«>t  any  substance.  But,  for  our  purpose,  it  is  useful  to  cla^isify 
memliranes  according  to  their  behanour  towards  water,  and  towards  substances 
diasoWed  in  it.  In  tibe  first  place,  there  are  such  things  as  glass  or  mica,  which 
allow  neither  water  nor  substances  dissolved  in  it  to  pass  through  Sucli  mav  be 
called  impermeable  and  have  a  comparatively  small  importance.  Tliere  are  also 
some  materials  which  are  impermeable  to  water,  but  allow  certain  other  liquids  or 
gaaee  to  pasa  through ;  for  eiample,  india-rubber  is  impermeable  to  water,  but 
allows  pyridine  to  pass  tiirou^.  A  metal,  palladium,  may  be  regarded,  as 
impermeaVtle  to  water  under  onlinary  circumstances,  but  allows  hydrogen  to  pass 
through.    8uch  cases  are  of  interest  in  certain  problems. 

The  most  important  membranes  for  the  physiologist  are  those  which  allow  water 
to  pass  through,  but  hold  back  dissolved  substances.  There  are  various  degrees  in 
this  respect ;  some  membranes,  sudi  as  parchment  paper,  gelatine,  etc,  wiU  not 
allow  colloids  to  pass,  but  are  freely  permeable  for  crystalloids.  Copper  ferro- 
cyanide,  on  the  other  hand,  holds  back  the  majority  of  both  colloids  and 
crystalloids,  but  allows  water  to  pas.s.  ^A  membrane  which  does  not  permit  any 
disaolved  substance  to  pass,  while  |iermeable  to  water,  is  known  as  iemi^p&rmMUtle. 
Soch  a  membrane  has  not  been  prepared  in  the  laboratory,  altiiough  the  copper 
ferroc3'anide  of  Traube  approximates  to  it  ^  prv  closely.  When  we  wish  to  speak 
of  a  membrane  which  allows  water  to  pass,  but  not  a  particular  given  substance, 
we  say  that  it  is  semi-permeable  as  regards  that  substance. 

iCembranes  may  also  be  looked  at  from  another  point  of  view,  that  of  their 
tirueture.  This  may  l>e  of  the  nature  ol  a  sievs^  so  that  di£ferent  membranes  have 
different  sizes  of  holt  s.  Or  a  membrane  may  allow  certain  substances  to  pass 
through  it  because  of  their  solubility  in  the  substance  of  which  the  membrane  is 
composed.  Or,  thirdly,  they  may  possibly  form  reversible  chemical  compounds 
with  ib»  substance  to  which  they  are  permeable.  The  two  last  cases  n^  not 
delay  us  long  at  this  stage.  As  a  case  of  a  membrane  which  is  permeable  by  a 
substance^  brawse  of  the  solubili^  of  this  substance  in  the  membrane,  we  may  take 
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a  membrane  of  water,  supported  in  some  way,  as  in  wet  parchment  paper.  ITiis 
allows  carbon  dioxide  to  pass  through,  but  keeps  back  cfxygen  and  nitrogen. 
Consideration  will  show,  however,  that,  since  these  latter  gases  are  not  absolutely 
insoluble  in  water,  after  a  sufficiently  long  time  there  will  be  no  difference  in 
composition  between  the  gaseous  mixture  on  the  two  sides  of  the  membrana  A 
membrane  of  palladium,  as  investigated  by  Ramsay  (1894),  is  permeable  to 
hydrogen,  but  not  to  oxygen,  either  because  the  hydrogen  is  soluble  in  it,  or  because 
a  reversible  compound  of  some  kind  is  formed,  which  dissociates  under  a  lower 

tension  of  hydrogen. 

As  regards  membranes  like 
parchment  paper,  gelatine,  col- 
lodion, etc.,  which  allow  water 
and  crystalloids  to  pass,  but  hold 
l)ack  colloids,  it  is  practically 
certain  that  they  have  a  porous 
structui-e.  Many  fact-s  point  to 
this.  Biltz  (1910)  showed  that 
the  rate  of  passage  of  dyes  through 
parchment  paper  is  in  direct  rela^ 
tion  to  their  molecular  dimensions. 
Heymans  (1912)  found  that  certain 
micro-organisms  were  able  to  pass 
through  this  paper.  When  speak- 
ing of  the  ultra-fUter  of  Bechbold, 
I  stated  that  the  jjermeability 
I'ould  be  varied  by  taking  different 
^strengths  of  collodion,  and  Bech- 
hold  himself  (1908)  has  determined 
the  dimensions  of  the  pores  of 
various  membranes  by  pressing  air 
through  them,  when  covered  with 
water.  Schoep  also  (1911)  has 
been  able  to  control  the  dimensions 
of  the  pores  by  mixing  castor  oil 
and  glycerol  with  the  collodion 
used  to  prepare  the  membranes. 

Hie  copper  ferrocyanide  mem- 
brane has  played  a  great  part  in 
the  investigation  of  osmotic  pres- 
sure ;  the  discoverer  of  it  will  be 
of  sufficient  interest  to  the  reader 
to  warrant  the  introduction  of  his 
no.  44.   Portrait  of  Mobitz  Tkaube.  portrait  (Fig.  44). 

Wlien  a  solution  of  potassium  ferro- 
cyanide comes  into  contact  with  one  of 
oopper  sulphate,  a  luenibrnno  in  the  form  of  a  colloidal  gel  of  copper  ferrocyanide  is  formed  at 
the  surface  of  contact.  This  gel  contains  a  considerable  percentage  of  water ;  if  allowed  to 
'dry,  it  becomes  imjiermuable  alUjgcther,  even  to  water.  In  order  to  be  able  to  perform 
experimeiitH  with  MUch  a  meiubrune,  it  must  be  supported  by  )>eing  formed  in  the  pores 
of  a  cylinder  of  unglazed  porL-clain,  or,  in  some  cases,  in  collodion.  Further  details  will 
be  found  in  the  chapter  on  osmotic  pressure.  This  membrane,  although  colloidal,  obviously 
has  interspaces  l>etwccn  its  constituent  elements  of  much  smaller  dimensions  than  those 
of  gelatine  or  collodion,  since,  as  Traubo  showed  (1867),  it  does  not  allow  cane-sugar  to 
pass  through,  nor  even  many  salts.  Its  discoverer  regarded  it  as  a  "  molecular  sieve," 
in  that  its  pores,  while  large  enough  to  allow  water  to  pass  through,  were  too  small  to  admit 
diswjlved  substances.  Closer  investigation,  however,  showed  that  there  are  some  salts  which 
can  pa-HS  through.  Thus,  potassium  chloride  was  found  to  do  so,  while  barium  chloride, 
calcium  chloride,  potassium  sulphatv,  barium  nitrate,  and  ammonium  sulphate  could  not. 

It  is  pointed  out  by  Ostwald  (1890)  that  it  is  not  necessary  to  aasume  that 
a  membrane  Is  impermeable  to  both  ions  of  a  salt,  when  it  is  found  that  the 
salt  in  question  is  not  allowed  to  pass.    If  one  ion  only  is  allowed  passage 
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«lectn->static  attraction  «>n  the  part  of  the  oppositi'ly  charged  ions  will  prevent 
the  permeable  iou  from  travelliug  further  than  8ucli  a  diistance  at  which  its 
osmotic  presmre  balances  the  electrostatic  force.  Ck)pper  ferrocyanide  is 
permeable  to  botli  ions  of  potassium  chloride ;  therefore,  when  it  is  found  to 
be  impermeable  to  calcium  chloride,  it  must  be  tlio  calcium  ion  which  is  held 
back.  Siniiiarly,  in  the  case  of  potassium  sulphate,  it  must  be  the  SO^"  ion 
to  which  the  membrane  iii  impenueable. 

The  &ct  that  the  membiaoe  is  not  completely  semi-permeable  haa  led  some 
observers  to  hold  that  its  permeability  or  otherwise  is  a  matter  of  solubility  in 
the  substance  of  the  memSnuie  itpclf  This  view  does  not  really  lead  tis  mtiv 
further,  and,  if  we  introduce  the  nuHicrn  conception  of  the  hydration  of  solutes, 
and  especially  u£  their  ions,  it  is  still  possible  to  look  upon  the  membrane  as  a  Bieve. 
Substances  when  dissolved  beoome  associated  with  a  nomber  of  molecules  of  the 
solvent,  varying  with  the  chemical  nature  of  the  solute.  Thus,  according  to 
J.  C.  Philip  (1907),  each  molerule  of  potassium  chloride  has  7  to  H  molecules  of 
water  associated  with  it,  while  copper  chloride  has  about  21,  and  so  on.  Another 
fact,  which  tends  to  support  Traube's  view,  is  that,  as  he  found,  a  copper 
ferrocyanide  membrane,  permeable  to  potassium  chloride,  becomes  impermeable  to 
it  when  infiltrated  with  silver  chloride  (l\^ube,  1899,  p.  261 ).  It  does  not  seem 
likely  that  thero  shoiilrl  be  any  material  difTprpnee  iM'tufon  the  solubilitv  of 
potassiuiij  chiot  ide  in  silver  chloride  or  in  copper  ferrocyanide  ;  if  any,  one  would 
expect  it  to  be  more  soluble  in  the  chloride,  according  to  the  old  law,  similia 
eimilibna  scdvuntur"  (Rothmund,  1907,  p.  113).  On  the  other  hand,  it  is  to  be 
presumed  that  any  pores  present  would  be  narrowed  by  deposition  of  silver  diloride 

on  their  walls. 

A  detailed  investigation  of  the  permeability  of  a  large  number  of  precipitation 
membranes  was  undertaken  by  Paul  Walden  (1892).  If  the  table  on  pp.  716  and 
717  ol  his  paper  be  coneulted,  various  facts  will  he  noted  which  have  a  bearing 
on  Uie  question  before  us.  The  membranes  can  be  arranged  in  order  of  merit,  as 
recrards  impprmeabilitv  to  the  sub^-tHrifeH  tenfffl  Tannin-gelatine  is  the  lowest  in 
the  series,  being  permeable  to  all  except  taunm  itself ;  while  copper  ferrocyanide 
is  the  highest)  being  impermeable  to  a  larger  number  than  any  of  the  others.  A 
signifieant  fact  is  that  none  of  the  membranes  comes  out  of  its  place  as  regaida 
any  partlenlar  snhstance,  ^Hiat  is,  assuming  that  the  pores  increase  regularly  in 
dimensions  from  the  copper  ferr^evanide  to  the  tannin  t^elatinc,  no  sid>stance  i« 
found  which  diffuses  through  a  membrane  having  the  smaller  pores  while  bein-,' 
held  back  by  that  with  the  larger  pores,  as  might  happen  on  the  solution  theory. 
The  behaviour  of  the  hydrochlorides  of  the  three  ethylamines  is  of  interest  The 
copper  ferrocyanide  membrane  is  readily  permeable  to  that  of  monoethylamine, 
slightly  permenhlf  to  that  of  the  di<  tliylaminp,  impermeable  tO  that  ol  the 
triethylamine,  foilmv  iM<:  the  increaKO  of  niolecular  dunensions. 

The  difSculty  fre«[uetul^'  arises,  however,  as  to  the  proof  that  the  membrane  is  aot 
«bemically  aoted  upou,  or  injured  in  ito  integrity,  when  it  sppesn  to  be  permeable  to  a 
particular  solute.  This  oonsideration  seems  to  deprive  Tammann's  expcrinientH  (iyes 
p.  257)  of  maoh  of  their  value,  although  this  observer  drawa  the  conclusion  that  there 
are  dves  which  pass  a  membraas  whiob  is  supposed  to  have  the  smaller  pores,  while  being 
held  hack  by  one  with  the  larger  pores,  and  that  Traube's  theory  does  not  hold.  In  Waldeu's 
experiments,  the  permeabihty  of  the  membranes  composed  of  the  ferrocyanide  of  zino  and  of 
copper  is  identical,  whereas  in  those  of  Tammann  the  zino  membrane  .shows  itaelf  to  be 
permeable  to  dyes  to  which  the  copper  one  is  not ;  it  is  even  stated  to  be  nermeable  to 
"Bamnwollenblati"  to  which  the  tannin-gelatioe  membrane  fs  impermeable,  and  even  parah- 
ment  paper  only  slightly  so.  If  we  neglect  qviantitfili\  <  lifferenueHi,  wliii  !i  arr  very  dlfRcult  * 
to  iud(ge  satisfactonly,  there  are  only  two  out  of  Tatumaim's  seventeen  dyes  which  fall  out 
of  Une.  **  BanmwoUmiUaii "  is  one  ol  these  and  fhe  other  ie  fnohsin-chloride.  to  which  copper 
ferrocyanide  is  permeable,  zinc  ferrocyanide  not.  According  to  Cain  and  Thorpe  ("  Synthetic 
Dye-stuttii,"  1913)  "  ootton-blue  "  is  a  mixture  of  ammonium  and  sodium  salts  of  di-  and  tri- 
ewplKmio  acids  of  rosaniline  blue.  Since  even  parchment  paper  is  impermeable  to  the  .salt  of  the 
mono-sulphonic  acid  {"  aniline-hlue  ")  it  is  difficult  to  believe  that  a  znie  ferrocyanide  membrane 
(if  perfect)  should  bo  permeable  to  the  "  cotton -blue  '  uiixLure.  The  experiments  of  Bilte 
(1910,  p.  117)  on  the  passage  of  dyes  through  parchment  paper,  have  been  referred  toabuve. 
The^e  expenmenta  show  an  unmistakable  relation  between  the  molecular  dimenflions  of  the 
<iyc  and  its  ability  to  pass  through  the  paj)er.  If  the  nvinber  of  atoms  is  less  thus  4ff,  it 
p«Maes  tliruugh  ({uickly  ;  alKJve  4o,  Hluwing  b.-gins  to  show  itself  ;  between  o5  and  70,  the 
fsiisge  is  veiy  slow ;  and  about  70,  it  oeases  altogether.   Of  coarse,  the  actual  space  occupied 
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by  «  noleoale  does  not  depend  only  on  the  nnmber  of  atooM  it  oontaim.   Tlio  dioBdml 

arrangement  must  also  be  t-fiken  into  i  Munt  ;  accordingly,  chemical  siructure  was  found  to 
have  some  efifect  oo  tbe  reisults.  The  "sieve  theory,"  then,  appears  to  hold  in  the  case  of 
Mlloids  and,  as  we  cannot  draw  a  line  of  demarcation  between  them  and  eryetaUoida,  the 
general  applic-ation  of  tht*  theory  receives  support 

AbeU1914)  finds  in  hin  "  vividifiusion  "  method,  that  the  rate  of  difiusiou  through  ooUodion 
membranes  is  independent  of  their  thiekoMi,  a  fftot  which  enggeats  poree  rather  than  eolntSosi 
in  the  sabetanoe  of  the  membrane. 

When  we  recollect  t!iat  the  copper  ferrocyinido  membrane  is  freely  permeable 
to  water,  in  fact,  conlains  water  in  its  constitution,  it  seems  not  so  easy  to 
understand  how  a  substance  such  as  sugar,  which  is  easily  soluble  in  the  water 
oontaixied  in  the  memlirMie,  failg  to  pass  throngb,  unless  something  like  a  sieve 
is  present,  opposing  a  mechanical  constraint  on  molecules  above  a  certain  siae. 

Tinker's  photographs  (1916,  1917)  show  that  actual  pores  are  present  5n  copper 
ferrocyanide  membranes,  althougli  the  actual  measurements  are  uncertain,  owin^ 
to  diifraction.  ihis  author  holds  that  the  pores  arc  narrowed  by  adsorptiun  of 
solvent,  and  tiiat  osmosis  is  caused  by  diffinrence  between  the  "  hydration  of  the 
two  sides  of  the  membrane*  Meigs  (1915)  concludes  that  membranes  of  identical 
chemical  composition  differ  according  to  their  physical  state. 

Bartell  (1911)  showed  that,  when  water  was  forced  by  pressure  through  4 
membrane  of  copper  ferrocyanide,  the  rate  at  which  it  flowed  through  obeyed 
FoiseuiUe's  fonnnla  for  the  case  of  capillary  tubes. 

But,  before  the  question  at  issue  can  be  finally  decided,  it  will  be  neoceoary 
to  understand  more  completely  tho^atnre  of  the  process  of  solution,  nnd  it  mav 
very  probably  be  found  that  there  is  no  real  contradiction  between  the  two 
opposing  views. 

Wil]h  regard  to  the  structure  of  colloid  membranes  in  gen^ttl,  it  will  be 
clear  that  the  remarks  on  page  14  above  are  of  importance.  If  a  membrane  of 
gelatine  has  a  honeycomb  structure,  any  substance  passini;  through  it  must 
traverse  a  structure  consisting  of  much  finer  pmres  than  if  the  membrane  were 
of  a  sponge-like  nature,  where  it  could  pass,  by  a  tortuous  channel,  between 
tiie  actual  trabeculffi  of  the  solid  phase. 

Another  point  to  be  remembered  is  that  the  surfaces  of  the  elenwits  of  the 
membrane  adsorb  dissolved  substances.  In  the  filtration  of  salts  through  a 
gelatine  filter,  the  first  portions  of  the  filtrate  contain  less  salt  than  the  originad 
solution:  this  continues  until  the  adsorption  capacity  of  the  membrane  ia 
saturated.  A  colloid,  when  adsorbed,  may  diminish  considerably  the  dimensions 
of  the  pores,  so  that  the  filter  becomes  impermeable  for  substances  to  which 
it  was  at  first  permeable. 

It  is  frequently  found  that  a  solute,  to  which  a  membrane  appears  to  be 
impermeable,  will  pass  through  in  veir  small  amount,  if  allowed  a  long  time. 
There  are  two  possible  causes  for  this  net.  The  pores  in  an  artificial  membrane 
are  not  all  of  exactly  the  same  size,  as  was  noticed  by  Bechhold  in  his  measure- 
ments of  various  membranes.  Suppose  that  there  are  a  few  of  them  which 
will  allow  a  certain  solute  to  pass,  while  the  great  majori^  are  impermeable 
to  it ;  it  will  take  a  long  time  for  an  appreciate  amount  of  tiie  solute  to  find 
the  small  number  of  channels  available  for  it,  owing  to  the  slowness  of  di£Ftt8i<Mi. 
A  similar  state  of  affairs  would  be  found  if  the  particles  of  the  solute  varied 
in  dimensions,  even  if  the  membrane  were  of  a  uniform  structure. 

These  factB  lead  to  reference  to  the  rate  of  passage  through  a  membrane. 
In  addilion  to  the  factors  mentioned  in  the  previous  paragraph,  a  little  con- 
sideration will  show  that  a  membrane  may  be  freely  permeable  to  a  solute, 
but,  if  the  ratQ  of  diffusion  is  very  slow,  comparatively  little  will  pass  in  unit 
time,  owing  to  the  supply  at  the  surface  of  the  membrane  not  l)eini?:  kept 
up  sufficiently.  This  state  of  affairs  plays  a  part  in  certain  osmotic  phenomena 
to  be  diiwwiwfMl  in  the  next  chapter. 

THE  SUllFACE  MEMBRANE  OF  THE  CELL 

The  present  chapter  was  commenced  by  pointing  out  the  necessity  for  some 
arrangement  by  which,  in  such  organisms  as  the  amoDba,  sugar  and  other  soluble 
food^Kuffs  are  prevented  from  dosing  out  and  being  lost  to  the  protoplasm. 
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From  what  we  have  learnt  in  the  preoeding  section,  it  is  plain  that  what  ia 
needed  \^  a  memhrnno  with  properties  similar  to  those  of  Traabe's  copper  feno- 
eyanide,  but  more  pertootly  semi  permeable. 

As  we  shall  learu  in  more  detail  later,  there  is  a  remarkable  similarity  between 
tiie  prc^porties  of  the  cell  membrane  and  those  of  tiie  artifieial  onei  although  it  is 
not  to  be  supposed  that  they  have  aaytUng  in  r  n  .n  ion  as  rogards  their  chemical 
nature.  Both  are  permeable  to  ammonium  chloride,  impormpfiblo  to  ammonium 
sulphate.  Tt  is  usually  stated  that  the  cell  membrane  is  iiupt^iuieHbie  to  potaf?sitf^ 
chloride,  while  the  copper  ferrocyanide  membrane,  as  we  have  seen,  is  freelv 
permeable  to  it.  Bat  tiiis  statement  needs  qnalification.  Overton  (1904, 
pp.  188-209)  has  shown  that  the  muscle  cell  is  not  completely  impermeable  to 
potassium  chloridp  nnd  that,  in  fact,  potassium  salts  fall  into  two  groups,  the 
first,  typified  by  the  sulphate  and  phosphate,  to  which  complete  semi-per- 
meability exists,  and  the  swood,  typified  by  the  chloride.  It  will  be  noted 
that  this  behaviour  is  similar  to  that  of  the  copper  fBrrooyaiiide  mmbrane, 
which,  according  to  Walden  (1892),  is  permeable  to  chlorides,  bromideSi  iodides, 
and  thiocyanates,  impermeable  to  sulphates,  phosphates,  and  oxalates.  The 
muscle  cell,  however,  is  only  very  slowly  permeable  by  potassium  chloride. 
Meigs  (1913),  moreover,  finds  that  a  celloidin  membrane,  impregnated  with 
ealoiom  phosphats^  has  most  of  the  properties  of  the  cell  membnuie^  as  regnrds 
permeability.  It  is  impermeable  to  the  chloridse  of  sodium,  potassium,  and 
calcium,  U^  canesugar  nnfl  alanine,  somewhat  permeable  t'>  ijlycerol  and  uren, 
freely  permwible  to  alcohol.  Although  it  seems  scarcely  likely  that  Uie  cell 
membrane  is  actually  composed  of  calcium  phosphate,  it  is  important  that  an 
artificial  membrane  of  nearly  perfect  semi-permeability  can  be  prepared. 
Philippson  (1913),  again,  shows  that,  if  collodion  membranes  are  impregnated 
with  fiTi  othereal  extract  of  muscle,  they  become  almost  impermeable  to  inorganic 
acids,  while  retaining  their  permeability  to  organic  acids,  increasing  in  the 
Series,  formic-acetic-lactic-butyric.  This  result  is  of  interest  as  a  further  step 
in  the  artificial  production  of  membranes  with  properties  similar  to  those  of 
the  cell  membrane. 

That  a  membrane  of  some  kind  is  ?iffually  formed  on  the  surface  of  conliict 
between  protoplasm  and  water  is  shown  by  the  observations  of  Kuhne  and  of 
Hefler  r^rred  to  below  (page  128).  If  any  substances  are  present  in  the  cell 
which  lower  surface  energy,  we  know  that  they  will  be  concentrated  at  the 
surface,  and  from  Ramsden's  experiments  (page  55)  we  are  prepare<I  to  find 
that  a  coherent  mombrane  will  probfil>ly  bo  formed.  It  is  not  necessary,  then, 
that  an  actual  visible  skin  should  be  present,  although  in  certain  cases  it 
appears  to  exist.  Moreover,  the  kind  of  membrane  contemplated  in  the  state- 
ment just  made  forms,  or  may  be  regarded  as,  an  integral  part  of  the  living 
protoplasm  itself,  and  as  long  as  this  is  living,  will  probably  share  its  power 
of  change  and  adaptation  in  response  to  changes  in  the  environment.  This  point 
of  view  will  re<][uire  further  treatment  later  (see  also  Chambers,  1917). 

When  we  come  to  the  constituent  cells  of  higher  organisms,  which  are 
dependent  for  their  food  supply  on  substances  in  the  blood  or  other  liquid 
bathing  them,  we  are  at  once  met  with  a  difficulty,  if  we  assume  the  existence 
of  such  a  semi-pcrmeabie  membrane.  If  it  prevents  fowl  stuffs  from  being 
washed  out  of  the  cell,  it  must  also  prevent  them  from  getting  in. 

This  difficulty  has  caused  certain  investigators  to  deny  altogether  the 
existence  of  a  membrane  impermeable  to  ehxliolytes  and  other  crystalloids. 
Martin  Fischer  and  Oeitrude  Moore  (1907,  ]  •'^  ll'),  for  example,  appear  to 
hold  that  imbibition  by  colloids  is  capable  ot  ex[>lainiDg  the  phenomena  for 
which  a  semi-permeable  membrane  was  postulated. 

In  order  to  understand  the  nature  of  the  evidence  on  this  question,  it  is 
necessary  to  forsstall  somewhat  a  part  of  the  subject  matter  properly  belonging  to 
the  chapter  on  osmotic  pressure.  Suppose  that  we  have  a  vo^^iclR,  say  of  copper 
ferrocyanide,  containing  a  solution  of  sugar,  and  that  we  immerse  it  in  water. 
Since  the  membrane  is  impermeable  to  sugar,  but  permeable  to  water,  the  sugar 
molecnles  inside  exert  a  pull  on  water  molecules  which  enter  and  distend  the 
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^•esiclo,  by  the  process  known  as  osmosia.  This  niii'^t  for  the  present  be  taken  as 
an  exporiineiitai  fact.  If  the  water  outside  be  replactd  by  a  solution  of  sugar, 
but  of  a  lower  concentration  than  that  within  the  membraue,  water  will  enter 
until  the  oonoentration  is  equal  on  botii  ndes ;  if  the  861ati<m  eatside  is  stronger 
t;  1  that  inside,  water  will  escape  until  again  the  concentration  is  the  same  on 
both  sides.  It  is  not  a  necessity,  moreover,  that  the  two  solutions,  iTT^ide  and 
outside,  be  of  the  same  substauca,  so  long  as  the  membrane  is  impermeable  to  it. 
The  amount  of  distension  or  collapse  is  clearly'  in  exact  proportion  to  the  molecular 
ooncentration  of  the  solutions,  since  on  this  depends  the  degree  of  dilution  or 
ooncentration  necessary  to  bring  the  inner  and  outer  solutions  into  osmotic 
equilibrium.  Now,  careful  in  vest  i  .rations  of  the  behaviour  of  the  cells  of  the 
kidney  by  Siel>eck  (1912)  and  of  the  muscle  cells  by  Bcutner  (1912,  2,  and  1913,  3) 
have  shown  that  iiviu^  cells  react  in  the  same  way  aa  the  semi-permeable  membrane 
described  aho7e.  The  changes  in  volume  are  simply  proportional  to  tbe  molar 
concentration  of  tbe  solutions  used. 

All  the  II  I  nil  vi   of  the  "  Hofmeister  senes,"  in  equal  ooncentration,  have  the  same 

cHecL  The  process  ui  iui  bibition,  as  we  have  seen  (page  100  above),  follows  a  different  law.  The 
Miri«a  of  electrolytes  jott  relemd  to,  in  equal  oonoentiatloii,  have  diflerent  effects  on  ImbihltiaQ 
according  to  their  action  on  the  properties  of  water,  so  causing  it  to  be  distributed  Wtwet  n 
the  two  uhases  of  the  colloidal  syBteiu  iti  a  dilTurent  proportiuQ.  Moreover,  sugar  behaves, 
as  recaras  its  effect  on  the  volume  of  cells,  just  as  a  salt  of  the  noie  OHDotio  pieMiire» 
providetl  tliat  tlie  salt  is  one  to  which  the  membrane  ie  impermeable,  whereas,  acoording 
to  certain  investigations,  it  is  devuid  ot  actiuu  ou  imbibitiou  processes.  Martin  Fischer 
and  G.  Moore  (1907»  p.  389)  find  tlist  uon-eleotrQlytes  in  general  have  no  effsot  on  tlie 
sweUtng  of  fibrin. 

FortJier  faots  are,  I  think,  enneoeamvy  to  show  that  the  imbibiticm  theory  is  insnflScirat  to 

account  for  more  than  a  small  part  of  the  beha^nour  of  cells  towards  eolutions  of  varying 
concentration.  At  the  same  tinie,  there  is  no  doubt  that  the  power  of  "h*TyT\g  the  water 
content  of  cell  eonttitttentR  miut  play  an  important  part  in  odl  mecdbanSos. 

We  may  now  pass  on  to  consider  tbe  nature  and  properties  of  tbe  cell 
membrane.    It  will  dear  the  way  somewhat  if  I  state  the  general  eooeluflioil 

which  is  forced  upon  us  by  coniiideration  of  the  ^vholc  of  the  evidence  on  this 
tlispnt<'d  question,  although,  at  first  sight,  it  may  seem  rather  a  lame  one.  It  is, 
in  tact,  that  the  cell  membrane  is  sometimes  permeahle  to  crystalloids,  sometimes 
noL  This  will  seem  more  satisfactory  when  we  find  tiiat  the  apparently  capridous 
behaviour  is  in  relation  to  functional  diangee  in  the  ceU,  or  dependent  on  the 
action  of  definite  substnncf"^.  As  regards  colloids,  the  membrane  itself  is  probably 
always  impermeable  ;  although  in  special  cases,  as  the  cells  of  secreting  glands, 
there  appear  to  be  arrangements  by  which  colloids  can  get  in  or  out,  probably  by 
rupture  of  the  membrane. 

ImpermMhUUy  to  Crystalloids. — If  a  slice  of  living  red  beetroot  be  allowed  to 
.soak  in  tap  water,  it  will  be  found  that  neither  the  red  pigment  nor  the  cane-sugar 
esofcpes  from  the  cells.  This  fact  can  only  be  explained  on  two  hj'pothesee : 
either  the  cell  membrane  is  impermeable  to  these  subbiances,  or  they  are  combined 
in  an  irreversible  manner  witib  the  insolttble  matter  of  the  cells.  Now,  Moore  and 
Roaf  (1908,  80)  appear  to  regard  the  existence  of  some  kind  of  chemical  com< 
bination  between  the  protfMns  of  cell  protoj>lri>-)n  and  electrolytes  as  suflBcient  to 
account  for  the  dillerence  ot  composition  between  ceil  and  surrounding  liquid,  without 
the  necessity  of  assuming  the  existence  of  a  semi-permeable  membrane.  But,  if 
this  compound  is  revorsihl^  as  an  adsorption  process  would  there  can  be 
merely  a  quantitative  diffarenoe  between  the  cell  contents  and  the  outer  solution, 
Ijeca'Wf'  an  adsorption  process  is  only  in  equilibrium  with  a  finite  concentration  of 
adsorbed  substance  iu  the  solution  with  which  the  surface  is  in  contact.  This  is 
contradictory  to  experience  in  the  case  of  the  beetroot,  and  we  shall  find  other 
instances  as  we  proceed. .  If  the  hjrpotheticsl  compound  is  a  more  strictly  ofaemical 
one,  it  must  be  neither  hydrolytically  nor  electrolytically  dissociated,  and,  in  fact^ 
completely  insoluble  and  inert.  It  is  diflicult  to  see  of  what  value  .such  a  substance 
can  be  in  the  dynamics  of  the  celL  Moreover,  direct  measurements  by  Hober 
(1 91 2,  2)  of  the  electrical  conductivity  of  the  interior  of  cells  show  that  a  part^  at 
leasts  of  the  inorganic  conatituents  Bsejiree, 

We  are  compelled,  therefore^  to  assume  tbe  eiistence  of  a  membrane  of  some 
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kind,  and  the  question  to  be  answered  is:  Must  the  membrane  be  o£  necessity 
imperaieabl«  to  deetrolytes  and  other  crystalloidi^  or  is  it  sufficient  if  it  is 
impermeable  to  oolloids  7   It  is  plain  that  if  the  latter  altematiTe  is  fonnd  to  bs 

satisfactory,  less  difficulty  will  be  found  in  imagining  an  adequate  structure. 
It  will  be  remembered  that  no  artificial  membrane  is  known  as  yet  "semi-permeable 
as  regards  potassium  chloride,  for  example,  to  which  the  cell  is  usually  semi- 
permeable, bat'  important  steps  have  been  taken  already  in  this  direction  as 
mentioned  above  (page  115). 

The  chief  evidence  may  be  grouped  conveniently  under  three  heads  :  (1)  Tlie 
phenomf^rtft  of  rhanges  in  volume  and  internal  pressure  under  the  action  of 
solutions  ot  various  concentrations.  (2)  The  difference  between  the  cell  and  the 
surrounding  medium  as  regards  presttice  and  eonowtratioQ  of  crystalloids. 
(3)  The  resistance  of  liying  cells  to  tiie  passage  of  eleetrieal  currents  through 
tbem. 

1.  When  cells  or  blood  corpuscles  are  placed  in  solutions  of  crystalloids  of 
Tarious  concentration,  it  is  found  that  in  the  case  of  most  of  these,  provided  that 
tiiej  do  not  injure  the  cell,  there  is  a  particular 
ooncentvation  in  which  no  change  of  volume  d 
the  cell  occurs.     With  solutions  of  a  greater 
strength  than  this,  a  shrinking  takes  place,  and 
w^ith  weaker  solutions,  a  swelling.   On  the  theory 
that  these  results  are  of  osmotio  'origin,  the  solu- 
tion which  causes  no  cbaiq|e  ie  called  isotomib^ 
and  the  othns  "hyper-  and  hypo-tonic"  respec- 
tively.   But  tile  matter  is  not  quite  so  simple  as 
it  might  appear  at  tu*st.    The  word  "isotonic" 
implies  that  the  solution  which  causes  no  change 
in  the  volume  of  tiie  cells  has  the  same  osmotic 
pres.sure  as  the  normal  contents  of  the  cell.  How 
far  this  is  true  depends  on  the  permeability  of 
the  membrane,  as  the  following  considetatiuus 
will  show.   Suppose  tiiat  we  have  a  5  per  cent, 
solution  ot  sugar  enclosed  in  a  bag  of  an  elastic 
momVjrane,  whir-li  i«  permeable  to  water,  but 
impermeable  to  sugar,  and  that  thi«!  is  immersed 
in  water.    Water  will  ent^r  the  bag,  which  will 
be  distended  and  probably  ruptured,  unless  sup- 
ported by  an  outer  envelope,  |uch  as  the  cellulose 
wall  of   plant  cell?;.     The  pressure  develiip<.^l 
when    the   cell  is  not  allowed  to  increase  in 
volume  is  the  full  osmotic  pressiure  of  the  sugar  solution.    The  tense  condition 
of  the  cell*  hereby  produced  is  known  as  *^twr^l*  and  is  the  normal  state  of 
the  plant  cell,  enabling  the  stems  of  the  higher  plants  to  remain  rigid  and  erect, 
as  long  as  the  cell  membranes  retain  their  semi-permeable  properties.    That  very 
considerable  pressures  do  exist  within  plant  cells  is  obvious  from  consideration 
of  the  growing  cambium  layer  between  the  wood  and  the  bark  of  a  tree.  Growth 
takes  place  at  this  situation,  so  that  the  wood  is  continually  being  increased  in 
diameter ;  it  is  clear,  therefore,  that  the  bark  must  have  an  enormous  stretching 
force  being  continually  applied  to  it,  and  that  the  growing  cells  must  be  exposed 
to  great  pressure,  which  would  erush  and  kill  them  unless  opposed  by  an  equally 
great  pressure  witliin  them.    The  stretched  state  of  the  bark  can  be  seen  by 
ramoving  a  ring  of  it,  after  cutting  it  through  at  one  place.   If  it  be  then  replaced 
in  position,  it  will  be  found  that  the  ends  cannot  be  made  to  meet.    Fig.  45 
represents  this  fact.     From  the  tension  required  to  stretch  the  hark  to  itn 
original  len;Lrth,  the  pressure  exerted  ou  the  cambium  cells  can  be  calculated.  It 
is  common  to  tiud  in  plant  cells  pressures  as  high  as  15  atmospteres.  Now, 
pTessurea  of  this  order  can  only  be  maintained  either  by  osmotic  forces  or  by 
imbibition.    The  construction  of  a  plant  ceU,  with  its 'inner  cavity  of  soluti.m 
surrounded  by  a  protoplannio  membrane,  suggests  at  once  an  osmotic  machine. 


r 


Fig.  45.   To  show  the  tresscre 

EXERTED  OK  GROWINO  CAMUIUM 

CEUJS. — Cross  section,  slightly 
eiil,ir).,'f<!,  of  an  internode  of  a 
Holly  liiaiK  li,  iruui  which  the 
bark  Uaa  first  l>oon  removed  and 
then  replaced  around  the  woody 
core.  A  very  great  tension  is 
required  to  maks  the  ends  meet 
again  at  r. 
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and  we  have  already  seen  that  imbihitioa  ia  Incapable  of  ezplaming  the  |ihenomena 
met  with.'  From  the  molecular  concentration  of  the  cell  sap,  as  determined  by  the 

depression  of  the  free:' in point,  in  the  way  explained  in  the  next  chapter,  or  in 
other  ways,  the  inaxiuiutn  possible  pressure  that  could  be  developed  if  the 
membrane  M'ere  completely  semi-permeable  can  be  known.  Although  it  ia 
naturally  a  matter  of  difficnlty  to  obtain  the  juice  of  one  kind  of  cell  alone,  ii 
appears  from  results  obtained  that,  on  the  whole,  the  concentration  of  the  cell  aap 
is  not  greater  than  is  necessary  to  give  the  turgor  pressure  known  to  exist. 

A  large  number  of  meaaarements  of  depressions  of  freezing  point  will  be  found  collected  in 
the  article  by  Bottazzi  (1908);  the  usual  fi^rra  oorrespona  to  pressures  of  about 
Atnio^phercs  and  would  bo  givao  bj  a  Bolutum  of  potsBBium  nilinittt  of  nearly  half  molar 

strength  (5*05  per  cent.). 

TRc  shrinking  of  a  cell  placed  in  hypertonic  solutions  shows  itself  in  plant 
cells  by  the  protoplasmic  layer  retreating  from  the  rigid  cell  wall,  leaving  a  gap 
between  tiietwo.  This  phenomenon  is  known  as  ^^ptmrndyaia"  whkh  was 
worked  out  mainly  by  de  Yries  (1884),  and  has  played  a  large  part  ia  the 

investigation  of  the  permeability  of  cells. 

To  interpret  the  facta  observed  when  cells  are  exj>o.se<l  to  solutions  differing  in 
osmotic  pressure  from  that  of  the  cell  contents,  let  us  return  to  the  schema  of  the 
cell,  vis.,  a  solution  of  some  substance  contained  within  a  membrane  forming  a 
vesicle,  which  can  be  immeiMd  in  water  or  solutions  of  various  osmotic  pressures. 
Suppose,  first,  that  the  momVjnine  is  imperrneable  to  the  solute,  and  that  the 
vesicle  is  immersed  in  a  slightly  hypotonic  solution  of  the  same  substance.  Thf^ 
vesicle  will  at  first  absorb  water,  becoming  distended,  until  its  contents  are  diluted 
to  SQch  a  degree  that  their  concentration  is  e^ual  to  that  of  the  outer  solution. 
Kotlnii.'  further  will  happen,  but  the  cell  remains  permanently  distended. 

Kext,  let  us  imagine  that  the  membrane  is  easily  permeablp  bnth  to  water 
and  to  the  solute,  and  that  it  is  elastic  as  before.  It  is  clear  that,  in  this  ca^ 
also,  the  cell  will  be  distended  to  begin  with,  because  the  osmotic  pressure  is 
greater  imdde  than  oufaride,  while  the  scdute  cannot  escape  instantaaeonaly.  But 
6ubse<}uently,  and  contrary  to  the  previous  case,  the  original  volume  will  be 
regained.  As  the  solute  {Gradually  escapes,  the  internal  osmotic  pressure  becomes 
equal  to  the  external  by  free  diffusion,  and  there  can  be  no  permanent  force  to 
keep  the  membrane  stretched.  lu  the  previous  case,  the  cell  could  return  to 
its  origioat  volume  only  by  escape  of  water ;  but»  since  the  solute  could  not 
esMpe,  the  original  concentration  would  by  this  means  he  arrived  at  and 
equilibrium  would  no  longer  exist.  Now,  there  may  be  numerous  degree.*!  of 
permeability  between  the  two  cases  given,  such  that  the  solute  may  be  able 
to  escape  at  different  rates.  The  result  is  that  a  longer  or  shorter  time  would 
elapse  before  the  cell  returned  to  its  original  8ise>  In  both  cases,  however,  if 
no  change  of  volume  occurs  at  all,  the  conclusion  may  be  drawn  that  the 
outer  solution  is  isotonic  with  the  contents.  If  the  change  of  volume  is  only 
temporary,  while  the  membrane  is  elastic,  it  is  to  be  concluded  that  this 
membrane  is  more  or  less  permeable  to  the  sohite. 

Anothw  case  to  be  considered  is  one  that  is  met  with  in  certain  experiments 
on  living  cells  or  bl(K)d  corpuscles,  vit,  when  the  membrane  is  permeable  for 
the  solute  of  the  outer  liquid,  but  impermeable  for  th(wf>  of  tbiP  cell  contents. 
Suppose  that  the  two  solutions  are  isotonic.  No  immediate  change  will  take 
place,  liut,  presently,  the  cell  will  begin  to  swell.  Why?  Because  the  solute 
of  the  outer  solution  passes  into  the  cell,  so  that  the  osmotic  pressure  tiierein 
is  now  the  original  one  plus  that  of  the  substance  which  has  difiused  in;  while 
the  outer  solution  remains  the  same  as  before,  always  assuming,  as  in  all  the 
cases  discUBsefj,  that  the  volume  of  this  solution  is  large  compared  with  that  of 
the  cell.  Uitimatt^ly,  tiie  state  of  ail'airs  will  be  the  same  as  if  the  outer  liquid 
had  been  water  only,  since  the  concentration  of  the  diffusible  solute  is  eqoal  on 
both  sides  of  the  membrane  of  the  cell,  while  the  latter  retains  the  whole  of 
the  indiffnsible  substance  with  its  osrnoti'*  pressure. 

It  appears  tliat,  niil<  sH  know  that  the  cell  nu  nibrane  is  elastic,  some  uncertainty  mav 
ariM  as  to  the  eonciusions  to  be  drawn  fruui  the  eflect  ut  a  sulution  which  is  not  isotonic 
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with  the  cell  oontent4i.  Suppose  this  solution  to  be  hypotonic.  The  cell  will  at  f!r«t  incre(i«e 
in  Tolume,  as  we  have  seen,  whether  the  membrane  is  permeable  to  the  solute  or  not.  If 
it  is  impermeable  to  the  solute,  this  increase  in  volume  is  permanent.  But,  if  the  increase 
ia  volume  is  not  permanent,  the  cell  must  be  more  or  Ie.sa  permeable.  On  the  other  hand, 
it  Meins  poonble,  if  the  membittne  Is  inelaetie,  th*t  a  permanent  inoreMe  in  volume  might 
iv>u!t  from  a  hypotonic  solution,  r  .i  n  if  the  membrane  is  pernieable  to  the  solute.  The 
tir^t  elfect  having  been  to  dilate  the  contents  until  their  osmotic  pressure  is  e<4ual  to  that 
outside,  wbilo  <^  nMmbrMie  hae  allowed  itself  to  be  stretebed  witbout  any  elastio  reaction, 
there  does  not  seen  to  be  any  fnrrp  r  ripiLh;  of  returning  the  cell  to  its  ori>,Miial  vnlnm  -. 
Thia  being  so,  oaiMtkiii  is  neoessary  in  drawing  concluaiona,  unless  it  is  delinitely  known 
that  tlM  membruie  ia  ahatic; 

Oalealatioiia  made  by  Boaf  (1913,  i.  p.  145)  make  it  probable  that  equilibrium 

between  diffusible  substances  inside  and  outside  the  cell  takes  place  with  great 
rapidity,  so  tliat  it  is  poaniblo  that  a  process  requiring  seven  days  for  equilibritira 
in  an  osmometer  with  parchment  paper  might  be  complete  in  0*001  minute  in 
the  ease  of  a  cell,  owing  to  the  very  large  snrfiaoe  in  proportion  to  volume  in 
thia  latter  case.  It  is  justifiable  to  assume,  then,  that  oemotio  eqnilibrinm  of 
substances  to  which  the  membrane  is  permeable  takes  place  practically  almost 
instantHncously.  But,  at  tho  ^ame  timo,  in  the  case  of  partial  permeability, 
that  is,  if  we  regard  the  sieve  as  having  only  one  hole  in  a  thousand  large 
enough  to  permit  the  passage  of  tiie  molecules  of  a  jtarticular  solute,  the  rate  of 
difTusion  of  this  solute  throng^  the  membrane  can  be  only  about  0*001  of  that 
of  another  solute,  which  can  pass  through  all  the  {X)res. 

Some  expoviments,  made  by  Overton  (1902)  on  the  sartorius  muscle  of  the 
frag,  serve  to  show  tlie  impermeability  of  cells  to  crystalloids.  When  placed  in 
0*7  per  cent,  sodium  chloride,  there  was  no  change  in  weight,  even  in  several 
hours  ;  hence  this  solntioil  is  isotooie  with  the  muscle  (Overton,  p.  129).  Suppose 
we  add  another  substance  to  such  a  solution,  if  the  muscle  cells  are  impermeable 
to  it  they  must  shrink  in  order  to  increase  their  osmotic  pressure  by  loss  of 
water.  Overton  adds  methyl  alcohol  to  the  extent  of  5  per  cent.  No  effect  is 
produced;  hence  the  cells  are  permeable  to  methyl  alcohol  (p.  167),  for  this 
oonoentration  of  methyl  alcohol  raises  the  osmotic  pressure  of  the  salt  solution 
very  considerably.  If  the  substance  added  is  slowly  permeable,  a  mixture  of 
effects  results.  A  muscle  placed  in  a  solution  containing  0  35  per  cent,  sodium 
chloride,  and  3  per  cent  ethylene  glycol,  i.e.,  a  solution  whose  osmotic  pressure 
is  equal  to  that  of  a  2  per  cent  sodium  chloride  and  therefore  consxdeiab^ 
hypertonic^  loses  weight  at  first,  as  if  impermeable  to  glycol,  but  afterwanu 
gains  weight.  The  explanation  is  that  the  ^^lycol  can  penetrate  slowly,  so  that, 
after  a  time,  its  concentration  within  and  without  the  cell  l>?comes  equal  and 
the  effect  of  0*35  per  cent  sodium  chloride,  which  is  hypotonic,  remains  alone 
(p.  195).  As  to  the  third  possible  case,  glucose  when  added  produoes  the  ssme 
effect  as  sodium  diloride  of  the  same  osmotic  pre^urs^  ris.,  permanrat  shrinking ; 
hence  the  membrane  is  impermeable  to  it  (p.  224). 

Thof-e  remains  the  possibility  t<j  be  considered,  whether  tlie  apparent  im- 
peruveability  to  salts  may  not  be  sufficiently  accounted  for  by  the  existence  of 
a  membraoe  semi-permeable  as  regards  colloids  only,  but  permeable  to  electrolytes, 
as  appears  to  be  the  view  taken  by  Roaf  (1912, 1.  p.  145).  Ostwald  (1890)  has 
pointed  out  that  it  is  sufficient  for  a  membrane  to  Ix;  iinperineablo  to  one  ion 
only  of  an  electrolytically  dissociated  sivlt  in  order  tliat  neither  ion  shall  pass 
through.  Suppose,  therefore,  that  we  have  a  salt  of  a  protein  present,  which 
may  be  one  wi^  an  add  to  which  the  membrane  is  permeable,  or  a  base  of 
siflBilar  permeability.  If  this  salt  is  not  hydrolyticaUy  dissociated,  the  fact  that 
the  colloidal  ion  does  not  pass  out  will  prevent  the  opposite  diffusiu'r  ion  from 
doing  HO.  But  in  such  a  case  the  colloidal  salt  must  be  present  without  any 
colloidal  salt  of  the  other  kind  \  that  is,  we  cannot  have  two  colloidal  salts,  in 
one  of  which  the  anion  is  diffusible  and  in  the  other  the  cation. 

7er  sxsanple,  if  there  were  a  hTdiooliloride  of  a  protein,  and  the  sodiain  salt  of  a  protein 

together,  the  positi\  r  rYnd  negative  inorc^nic  ionfi  would  escape  tf)gether,  or  sodium  cnloride 
would  difiuae  out,  without  let  or  hindrance  from  eleotrostatio  attraction  on  the  part  of  the 
eollQidal  ion. 

The  hypothesis  of  a  meiAbrane  impermeable  only  to  colloids  wiU  not,  therefore 
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explain  tin  semi-permeability  of  tlie  cdl  to  nentral  ealtt.  We  have  aeea  above 
that  there  is  no  aatialactory  evidence  of  otMnbination  between  proteins  and 

such  salts,  and,  moreover,  the  hypothesis  in  question  leaves  the  impermeability 
to  glucose  unaccounted  for.  Glucose  does  not  form  a  compound  with  protetna 
of  the  kind  requireti,  and  iiccording  to  Asher  (1912)  exists  frte  in  the  bluod. 

A  further  difficalty  lies  in  the  high  oemotio  pressure  in  certain  cells ;  to  obtain  a  pressure 
of  II  atmospheres,  a  half  molar  MladQii  is  neoessarjr,  and  when  we  remember  that  t>b« 
molecultir  weight  of  protein'!  is  aV>ont  2,000,  wo  see  tho  imposHi^  ilif  y  ?nf  h  a  dilution.  The 
total  solid  oonteot  of  colls  is  ooly  about  20  per  cent.,  and  of  young,  growing,  cambium  stUi 
len.  Substances  of  small  moleeular  wei|^t  ouy  oaa  giye  the  obswvsd  ossuitio  pressnrs. 

The  hnmatoorite  (Hedio,  1891),  as  applied  to  problems  in  permeability  (H<iberr 
1910),  is  a  practical  use  of  the  facts  deaeribed  in  the  preceding  section. 

2.  Wc  pass  on  to  discuss  some  facts  relating  to  tho  distribution  of  crystaIloiil» 
between  the  cell  and  the  surrounding  me<lium,  which  necessitate  the  present  of  a 
membrane  impenueable  to  crystalloids.    These  fact«  are  of  interest  in  other  ways. 

The  red  blood  oorpnsclee  of  the  rabbit  contain  mnofa  more  potassinm  than  the 
plasma  which  bathes  them,  and  no  sodium  at  all,  aooording  to  the  analyses  ot 
Abderhalden  (1898,  p.  100):   Thus  :— 

Plasma.  Corpuscles. 
Potassium       0259       5  229  1  , 
Sodium         4-U2  0 
8uch  rehttions  are  impossible  to  account  for  eaecept  on  the  assumption  of  * 

membrane  impermeable  to  sodium  and  potassium,  unless  these  substances  are 
comHiTv-r?  with  the  colloids  in  an  irreversible,  non-dissociable,  manner.  It  is  easy 
to  show,  moreover,  that  the  salts  of  blood  serum  readily  pass  through  a  membrane 
of  parchment  {mper,  whidi  is  impermeable  to  colloids,  since  they  are  frequently 
removed  in  this  way.  If  the  membrane  of  the  rabbit's  blood  cwposclM  were 
imperiiicahle  only  as  regards  colloid^  sodium  salts  from  the  serum  must  inevitably 
pass  through. 

It  is  true  that,  under  certain  conditions,  as  was  found  by  Domnaa  (1911)  aod  bv  myself 
(1911,  ii.  I).  249),  indopendontly,  there  may  be  diflisrent  eonoentratlons  of  a  freelj^fAuibla 
salt  in  equilibrium  within  mid  wit!iout  a  membrane  of  parchment  p:i{)er.  This  fa  t  ;>  I  r  nght 
bv  Roaf  (1912,  L  p.  145)  in  supj>urt  of  the  opinion  that  a  membrane  impermtiable  to 
efleotrolytes  is  tmnooeisary,  so  that  it  must  be  considered  briefly.  Take  the  ease  of  the  sodivm 
m[t  of  a  protein  '  r  nf  Congo  red,  in  solution  inside  a  membrane  of  parchment  paper.  As  long^ 
as  water  only  is  present  on  the  othor  sido  of  the  membrane,  tho  sodium  ions  cannot  escape 
further  than  the  position  in  whi'j}i  their  oemotio  pressure  is  balanced  by  electrostatic 
sttraction  to  tho  opposite,  colloidal,  i<jn  inside.  A  itelniholtz  double  layer  is  formed,  the 
sodium  ions  being  outsitlo.  Now  it  is  i»ut  to  be  supposed  Umt  thy  aame  individual  ions  are 
always  present  in  thie  douVilo  layer ;  a  perpetual  interchange  is  going  on  between  them  and 
thoee  present  in  the  body  of  the  solutions.  Moroover,  since  tbeir  position  ia  due  solely  to 
the  fact  of  their  possessinsr  a  positive  charge,  it  is  clear  that  if  any  other  cations  are  m  a 
p<^jsitii)n  to  interclianv^o  with  lliom,  the  process  will  take  place.  Tliis  sUitc  of  affairs  will 
exist  if  any  salt,  say  potassium  chloride,  ia  j^resent  in  the  outer  solution.  The  external 
component  of  the  double  layer  in  sooh  a  oue  will  eoniist  of  both  K*  and  Na*  ions  in  relative 
projH  ii-tioii.  acef>rdinr.'  to  their  respective  cnncontration><  in  the  solution.s,  and  ultimately  thia 
same  proportion  will  be  established  throughout  both  tiolutions,  whatever  tiio  absolute  con- 
oentration  of  tho  ions  therein.  This  Isot  was  pointed  out  by  Ostwald  (1890,  p.  714)  aa 
applying  to  the  copper  ferrocyanidc  memhrnnc  and  found  tixper  iuientally  by  W.  A.  Os^wmo 
(1906}  in  ibo  case  oi  s^did  of  cuiciiiogen,  or  soaps  within  a  parchment  paper  membrane,  and 
by  myself  in  tiiat  of  Congo-red  or  of  serum  proteins  in  similar  conditions.  Although  the 
ratio  of  the  concentrations  of  the  diffuHible  salt.s  is  the  same  on  lx)tli  Hides  of  the  menibmne 
in  sueh  cases,  as  already  rcnuirke<i,  the  absolute  concentration  is  greater  on  tlmt  sidy 
containing  the  colloidal  solution.  This  fact  seems  to  be  due  to  tho  necessity  that  the 
concentration  of  iwA^iMociated  salt  must  be  equal  on  both  sides ;  there  are,  in  uotk  so  £sr 
as  one  can  see,  no  fon^  present  capable  of  making  possible  a  diffbrent  conoentration  of 
electrii'iilly  neutral,  freely  <IitVuHible,  .KuliHtances.  If,  then,  we  liavc  wiy  sodium  chloride  ia 
decimolar  solution  on  tho  outside,  and  the  sodium  salt  of  Congo-red  inside,  assuming  10  per 
cent,  of  the  sodimn  chloride  nndiiwodated,  this  concentration  of  nndinooiated  mdeonles 


nv:  *^  K<>  the  .'ianie  inside;  tin's  cannot  be  the  ea';e  if  the  total  ooneentration  of  the  chloride 
is  tlic  same  uu  botli  sideB,  aiuce  that  insido  will  bo  loss  dissociated  than  that  outside,  owing 
to  the  presence  of  the  dye  salt  with  an  ion  (Na*)  common  to  both  salts.  This  explanation  of 
the  unequal  di.«trihution  of  i^odium  chloride  on  the  two  sides  i.f  a  membrane  applies  also  if 
the  diffusible  salt  pUced  outside  has  nut,  to  begin  with,  an  ion  in  common  \iith  toe  colloidal 
salt,  say  potassium  chloride,  because,  as  pointed  out  above,  after  equilibrium  is  attained,  there 
will  be  prcssnt  both  inside  and  outside  all  the  kinda  of  the  difibaible  iona  of  the  qrstem.  This 
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I  have  ehown  experimentally  to  be  the  oaee,  while  Donnan  (19ilJ  baa  deduoed  it  from 
tbermodynamic  considerations. 

We  see,  therefore,  that  the  prince  of  a  colloidal  salt  within  a  membrane^ 
semi-permeable  only  as  regards  ooUoidi,  will  not  acooimt  for  the  unequal  ratio  of 
potaaainm  to  aodium  in  the  i  lasma  and  corpuscles  of  the  rabbit. 

Consider  next  the  case  of  thp  nniscle  coll.  The  experiments  of  Kntz  fisr»6, 
p.  42)  have  shown  that,  in  the  rabbit,  the  ratio  of  the  sodium  to  the  potAssuun  in 
th^e.ceiU  is  as  0  4G  to  4;  whereas,  as  we  have  seen,  the  corresponding  numbers 
for  the  blood  plasma  are  as  4*44  to  0*259,  and  Fahr  (1909)  has  made  it  practically 
certain  that  the  sodium  of  frog's  muscle  is  contained  only  in  the  intercellular 
lymph,  et^".,  the  muscle  cells  tiieni''<^1ves  containing  no  sodium  at  all.  Such  facts 
necessitate  in  this  caae  also  the  existence  of  a  membrane  impermeable  to  salts. 

According  to  Meigs  and  R^n  (1912,  p.  411),  however,  the  salts  of  smooth  muscle  are 
present  in  a  non-diffhsible  form,  and  these  authors  do  not  admit  the  presence  of  a  semi- 
IHTnivubh'  membrane.  The  (■videiice  givtni  is,  I  think,  not  very  convincing.  Smooth  muscles 
are  stated,  when  inuuened  in  hy^touic  saline  solution,  to  gain  in  weight  according  to  a 
difleieut  tune  law  ftmn  that  of  atriated  mnsele  in  the  oame  oonditiona.  This  faot  ia  readily 
to  be  accounte<l  for  by  a  different  am  unit  \A  inil  ihition  in  the  two  casep.  Imbibition  may 
filay  a  relatively  important  part  in  smooth  mu.sele,  although  as  we  have  seen  above  (page  116), 
n  l^ya  only  an  insignificant  part  in  the  case  of  striated  muscle.  Water  taken  in  by  immbition 
is  not,  of  course,  active  osmotically,  so  that  in  order  to  balance  a  given  external  osmotic 
pressure,  more  water  muat  bo  taken  in  per  unit  time  if  part  of  it  is  inactive,  .^jpun,  it  is 
«aid  that*  if  smooth  muscle  is  immersed  in  an  isotonic  solution  of  oane-sugar,  it  gains  weight 
much  more  rapidly  than  striated  muscle  does  ;  but  we  shall  see  presentlv  that  canp-sugar  is 
by  no  means  an  inuocuous  substance  for  niuiiv  cells,  and  the  muru  rapid  gain  of  weight  is  what 
would  be  expected  if  a  certain  amount  of  imbibition  were  taking  place.  It  appears  also  that, 
wlwa  smooth  muscle  is  oat  soross,  its  potsasiam  oontent  difiiues  oat  veiy  slowly ;  the  poeei* 
hility  of  adsorption,  or  the  formation  of  a  new  membrane  on  the  out  surfaoe,  la  not  taken  into 
due  consideration.  These  observers  also  regard  the  los.s  of  potassium  phosphate  byordi/Kit  v 
niosde  in  activity  and  its  replacement  as  inconsistent  with  a  semi-permeable  membrane.  But, 
admitting  the  loM  of  phosphate,  wsalisll  sse  ktsr  that  there  is  sa  inowaie  of  psrmealdlity  ia 
tbssxdtsd  ststssndit  msy  well  be  that  ths  pstssge  (rf  sslts  takes  plaos  at  tlus  time. 

There  are  many  other  fact8>  of  interest  also  on  their  own  acoonntk  whidi 

prove  an  impermeability  to  crystalloids. 

Bethe  (1909)  found  that  meduste,  floating  in  sea  water  stained  with  neutral 
red,  stored  tlie  dye  in  their  cells  with  the  orange-red  colour  which  it  has  in  a 
eolation  of  neutral  reaction.  If  hydroohloric  acid  were  added  to  the  water,  eo 
as  to  give  the  dye  in  it  a  cherry-red  colour,  it  was  foond  that  no  change  was 
prcxluceci  in  the  tint  of  the  cells  for  several  hours  ;  in  fact,  acid  parnlv^is  might 
be  caus»Mj,  but  no  change  in  the  colour  'if  the  cells  c(»uld  he  seen,  until  they 
were  dead.  The  same  thing  was  noticed  with  sodium  hydroxide  j  the  cells  did 
not  become  yellow,  the  colour  of  neutral  red  in  alkaline  solution. 

Frcsn  the  experiments  tA  O.  Warburg  (1910)  on  the  eggs  of  a  sea  urchin, 
the  same  fact,  amongst  others,  was  clearly  made  out.  In  this  case,  it  was  shown 
that  the  absence  of  change  of  colour  was  really  due  to  non-<'ntrance  of  alkali,  and 
not  to  some  ^ed  state  of  the  dye  making  it  inert  to  alkali,  by  taking  an 
alkali  to  which  the  edl  memt»mne  is  known  to  be  permeabk^  such  as  ammonium 
hydnaid^  in  which  case  the  colour  became  ydlow  almost  instantly. 

The  ohjeetian  may  be  made  thst  the  ehemioal  or  adsorption  oompoond  of  the  dye  with  odl 

structures  may  be  lees  senj^itive  to  sodium  hydroxide  than  Uy  amniomum  hydroxide  Thi.<t  has 
been  dealt  with  by  Newton  Harvey  (1913),  who  has  shown  that  the  adsorption  oonipounds  of 
neutral  red  with  vsrioos  proteins,  with  ledthin,  eta,  are  a^ted  hy  these  two  alkalies  in 
fxat  tly  tho  same  conepntrnt!  );i  Slorcover,  when  the  sea  urchin  ejrgs  arp  madr  artnally  per- 
meable to  sodium  hydroxide,  by  the  action  of  sea  water  saturated  with  chloroform,  this  alkali 
chsages  the  neutial  red  in  the  sells  Jnst  ss  resdtty  ss  somoniom  hydnnlde  doss. 

An  impostent  Isct  emerges  from  the  above  experiments  of  Bethe  and  Warburg. 
That  is,  that  add  and  alkali  can  produce  their  characteristic  effects  without 
entrance  into  the  substance  of  the  cell.   This  question  will  be  referred  to 

again  later. 

J.ac(|ue8  Loeb  (1909),  in  investigating  the  effect  of  acids  on  the  formation  of 
the  fertilisatton  membrane  in  the  eggs  of  the  sea  urchin,  found  that  this  eflbet 
was  not  in  proportion  to  the  strength  of  the  acidsi  but  to  their  permeability  or 
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lipoid  solubility.  In  fact,  the  mineral  acids  were  far  less  active  Uiaa  the  fattj 
tioids* 

Hustin  (1912,  pw  534),  in  perfusion  of  the  pancreas  intii  saline  solution:^ 

fonnfl  tluit,  if  tlicsc  wore  hypotonic  with  respect  to  tlie  normal  blcxxl,  tlie  con- 
ceutration  was  increased  liy  passing  througli  the  bhxxi  vess^'ls  of  the  gland.  If 
hypertonic,  the  concentration  was  diQimii>hed.  The  explanation  on  the  basis 
of  aemi  permeability  of  the  gUmd  cells  is  simple ;  these  oeUs  would  take  up  water 
from  »  hypotonic  solution  in  order  to  equalise  their  osmotic  pressure  to  it  and 
give  up  water  to  a  hypertonic  solution.  No  satisfactory  explanation  is  apparent 
on  any  other  view.  No  change  takes  place  in  the  composition  of  the  perfnsefi 
fluid  if  the  cells  have  been  killed  by  sodium  fluoride,  &u  timt  their  semi-perineability 
IB  abolished. 

The  ratio  of  the  su^ar  eonlent  of  blood  corpuscles  to  that  of  the  plasma  it 

very  vnriablo,  nlthougli  as  a  rule  higher  in  the  phusma  than  in  the  corpuscles. 
Tho  aiiiliti  >ri  of  glucose  to  the  blood  ''onietinies  raises  the  content  of  the  corpuscles, 
someimies  uut  (Hober,  1^.     it  is  diflicult  to  give  an  explanatit^n  of 

these  facts.  It  seems  that  the  oonclaflion  mnst  be  drawn  that  the  corpuscles  are 
capable  of  being  made  permeable  or  impermeable  to  gluooee^  hut  that  their  usual 
condition  i'^  th.it  of  impermeability. 

At  this  point  it  is  well  to  call  attention  to  the  remarks  justly  made  by  Hober 
(1911,  p.  244)  to  the  eflect  that  it  is  impossible  to  account  for  the  constant 
difierenoe  in  the  ratio  of  potassium  to  sodium  in  the  blood  corpuscle  and  other 
cells  compared  with  that  in  the  plasma,  which  bathes  them,  except  on  the  hypo- 
thesis of  complete  semi-permeability.  If  these  salts  were  able  to  difTuso  out, 
however  slowly,  equilibrium  must  result  so<^)ner  or  later,  unless  the  extremely 
improbable  assumption  be  utade  that  the  corpuscles  and  other  cells  obtain  a 
continuous  supply  of  salts  from  some  source  other  than  the  blood  and^  that  the 
latter  is.aUe  to  get  rid  of  them  as  fast  as  they  pass  in. 

W<»  now  come  to  the  third  set  of  facts  pro\nng  the  semi -permeability  '^f  trolls 
towards  salts,  namely,  those  connected  with  the  electrical  conductivity  of  cells. 
A  few  preliminary  words  of  explanation  are  desirable. 

When  an  electrical  current  is  passed  thruugb  a  sulution  of  a  salt  by  means'of  wires  dipped 
kite  it,  the  transport  (tf  electricity  fhMa  one  wire  to  the  other  is  efiected  by  mesas  of  atoms  or 
molecules,  each  carrying  a  definite  amount.  These  along  with  their  charges,  which  differ 
according  to  the  valence  of  the  carrier,  are  called  ions.  The  unit  charge,  carried  by  a  univalent 
ion,  is  known  as  an  electron.  A  bivalont  ion  carriea  two  electrons  aiui  so  on.  Imagine  a  flock 
<rf  sheep  at  one  tide  of  a  field  and  that  the^  start  to  run  to  the  other  side ;  the  amount  of  wool 
(seleotrfdty)  which  arrives  at  the  other  side  in  unit  of  time  depends  on  the  niunW  of  sheep 
and  oil  the  fre«»<loni  of  the  ur  Suppose  tliat  there  are  a  number  rf  =rjuare  pens  in  the 
middle  of  the  ticld,  each  fenced  round  and  separated  from  the  neighbourins  nen  by  a  narrow 
interval,  tiio  nmnber  of  sheep  now  getting  aeroes  in  unit  time  will  be  nraon  lees  than  before, 
because  they  have  to  wait  for  each  other  to  get  through  the  openings,  or  rather,  they  obstini.'t 
une  another  in  their  efforts  tu  get  through.  We  may  say  that  less  wool  paai^es  across  p^c  unit 
time,  or  in  electrioal  terms,  the  conductivity  is  I^s.  Further,  matters  would  not  bo  improved 
if  the  closed  pens  were  full  of  sheep,  since  these  sheep  would  not  be  able  to  help  m  tho 
transport.  On  the  other  hand,  suppoee  the  cross- fenceti  were  removed,  the  uncloaed  sheep 
Qonld  get  out  and  cross  the  field,  whiw  the  originally  froe  sheep  would  have  as  dear  a  ootuan  as 
if  no  pens  were  tiiere. 

Living  cells,  as  legaids  the  transport  oi  dectricity,  are  like  the  Midoaecl 
pens  with  sheep  in  them  ami  are  in  the  same  way  obstnictive  to  tho  pa.ssage 
of  iuiis  l)y  filling  up  part  of  the  channel.  Whereas,  if  we  nmko  their  niembrauea 
permeable  to  salts,  the  resistance  is  reiiiovud.  This  fact,  in  the  case  of  tha 
blood  oorpnaclea,  was  described  in  detail  by  Q.  S»  Stewart  (1897)  and  made  the 
basis  of  a  method  of  determining  the  relative  proportion  of  corposolee  and  phMma 
in  Wood  (1899). 

Osterhout  (li^l  2)  also  finds  that  livinij  cells  of  Laminaria  are  impermeable  to 
the  salts  of  sea  water,  as  shown  by  their  taking  no  part  in  the  conduction  of  an 
eleotrical  current  They  are  made  oondactors  by  any  agent  which  kills  tiie 
protoplasm,  aodi  as  heat,  chloroform,  and  so  on.  Their  permeability  also  can  be 
changed  reversibly.  as  will  he  seen  later.  M'Clendon  (1910,  p.  255)  finds  that  tho 
eggs  of  sea  urchins  massed  together  have  a  conductivity  greatly  inferior  to  that 
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of  sea  water,  and  regards  the  fact  aa  being  due  to  impermeability  of  the  ceil 
membrane  to  ions. 

The  fact  that  a  membrane  boiog  impermeable  to  salts  makes  it  a  non-oonductor  is  shown 
in  an  interesting  way  in  tlw  method  used  by  Morse  and  Horn  (1901)  in  preparing  oopper  ferro- 
cyanide  cells.  %y  passing  an  electrical  current  through  the  membrane  from  copper  sulphate 
outside  to  potassium  ferrocjranido  inside,  the  imperfect  places  are  filled  up  and  the  resistance 
of  the  membrane  gradually  rises  ;  for  example,  in  one  case  reported  liy  Tie rkeley  and  Hartley 
(1906»  p,  487)  the  resistance  of  a  inenihrano  rose  from  2,700  ohms  to  300,OOU  ohms. 

Although  the  resi^stance  oflere  1  hy  living  cells  to  the  passage  of  a  currpiit  of 
electricity  explaiuod  simply  and  satisfactorily  by  the  existence  of  a  membrane 
which  is  impermeable  to  salts,  it  must  not  be  overlooked  that  other  explanations 
have  been  advocated.  It  is  very  difficult  or  impossible  to  prove  experimentally 
that  cells  are  complete  non-conductors^  owing  to  the  practical  impoesibility  of 
removing  all  external  electrolytes  from  the  solution  bathing  them,  except  by 
means  which  affect  the  normal  state  of  the  membrane.  We  cannot,  thereforo,  make 
the  definite  statoment  that  oelb  are  actual  non-conductors,  so  that  there  is  a 
possibility  tbat  their  high  resistance  may  be  due  to  the  presence  of  electrolytically 
dissociated  colloids,  enclosed  in  a  membrane  impermeable  only  to  colloids.  This 
circumstance  would,  as  we  shall  see  more  in  detail  later,  oppose  the  passage  of  a 
current  in  (me  direction  entering  the  cell,  and  in  the  opposite  direction  on  leaving 
it,  since  the  one  ion  is  imprisoned.  It  may  be  objected 'to  this  view  that  the 
presence  of  such  colloids  in  the  blood  corpuscles  has  not  been  proved. 

If  the  electrolytes  within  the  cell  were  combined  with  the  cell-proteins,  in  the 
form  of  non-dissociated  salts,  they  would  be  non-conductors,  since  ions  only  can 
convey  a  current.  But  there  is  no  experimental  evidence  to  warrant  an 
explanation  of  the  fsets  of  the  ease  on  sadi  aa  assomption.  Reasons  have  also 
been  given  previously  to  show  that  adsorption  is  insufficient  as  an  explanation, 
since  an  adsorption  compound  exists  only  in  presence  of  free  electrolytes  in  the 
liquid  phase  with  which  it  is  in  contact.  Free  electrolytes  must,  therefore,  Iv^ 
present  in  the  interior  of  living  cells.  Their  existence  in  that  situation  has  been, 
in  fact,  demoDslanted  experimentally  by  H^Amt  in  two  ways. 

Tbe  first  of  these  (1910,  2)  depends  upon  the  fact  that  the  capacity  of  a 
condenser  is  increased  when  a  condacting  stratum  is  iutnxluced  into  the  dielectric 
between  the  plates,  and  the  amount  of  the  increase  is  proportional  to  the  con- 
ductivity of  the  stratum.  It  will  be  clear  that  there  is  no  question  of  ions 
being  aide  to  leave  the  cdls  in  such  a  esse.  By  tiiis  method,  the  internal 
conductivity  of  blood  corpuscles,  after  repeated  washing  with  cane-sugar  solution, 
was  found  to  be  about  the  same  as  that  of  adecinormal  potassium  chloride  solution. 

The  second  method  (1912,  2)  is  founded  on  an  exj>enment  by  J.  J.  Thomson 
(1895).  A  conducting  body,  placed  in  the  axis  of  a  coil  of  wire  through  which  a 
rapidly-alternating  current  is  passed,  diminishes  the  sbwigth  of  this  current  by 
damping  tiie  vibratioils,  and  it  does  this  in  proportion  to  its  own  conductivity. 
By  this  more  sensitive  method,  the  content  of  blood  coi-puscles  in  free  electrolytes 
showed  itself  to  be  e<pi?i]  to  that  of  a  01  to  0  \  per  cent,  solution  of  potassium 
chloride.  The  method  was  afterwards  improved  (1913)  so  as  to  require  less 
material,  and  at  the  same  time  to  be  increased  in  sensibility.  Frog  muscles  were 
also  investigated  by  its  means,  and  found  to  have  an  int^nal  conductivity  equal 
to  0*1  to  0*2  per  cent,  sodium  chloride. 

Comparing  this  number  with  the  analyses  of  Fahr  (1909),  wo  note  that  a  part  of  the  salts 
roust  be  adsorbed  on  the  colloid  surfaces,  or  in  chemical  combination  in  some  iorm  other  than 
a  dissodated  salt,  so  that  this  part  does  not  contribute  to  the  conductivity,  which  is  loss  than 
what  wotild  be  given  by  the  total  saltH  of  Fahr's  results.  It  is  al>^o  of  interest  to  note  that  the 
above  value  of  the  internal  conductivity  ui  niuacle  cells  was  obtained  aft^r  six  hours'  soaking 
in  isotonic  «aiiB>siigar,  so  that  the  memhrans  had  not  allowed  tba  elaetrolytes  to  aMspe  from 
the  cell. 

It  has  been  mig«:e3ted  by  Roaf  (1912,  i.  p.  146),  as  indicate*!  ah.ne,  that  tlir 
properties  of  a  colloidal  salt,  in  allowing  a  current  to  pass  through  u  membrane  in 
one  direction  only,  might  account  for  the  high  resistance  of  cells,  without  the 
necessity  of  a  memhrane  impermeable  to  crystalloids.  I  showed  indeed  (191 1,  ii. 
1^  242)  that  if  a  salti  of  wlucb  one  ion  only  is  in  tbe  colloidal  state,  be  separated 
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from  water  by  means  of  a  parchment  paper  membrane,  and  an  electrical  potential 
diifereace  established  by  placing  electrodes,  one  inside,  the  other  outside  the 
membrane,  then  it  depends  on  the  sign  of  the  electrode  compared  with  that  of  the 
colloidal  ion  whether  a  current  paaaes  or  not^  Suppose  we  ha\'e  a  sodium  salt  of  a 
colloidal  acid,  such  as  caseinogen  or  Congo-red,  and  that  the  electrode  in  this 
solution  is  the  positive  one  or  anode  The  current  must  p!<s«  thn>urr}i  the 
membrane  from  inside  to  outside ;  that  is,  positively  charged  ious  must  pass  through 
to  the  negative  electrode  and  negative  ions  from  outside  to  inside  and  be 
dbcharged  there ;  unless  this  can  happen,  no  current  will  pass.  Now,  sodium  ions 
can  freely  pass  through  the  membrane  and  the  opposite  negative  ions  are  already 
inside,  so  that  current  will  flow  when  the  internal  electrode  is  the  anfvrjfv  On  the 
contrary,  if  the  outer  electrode  is  the  anode,  in  order  that  a  current  shall  pass,  the 
native  ions  must  reach  it  This  cannot  happen,  since  there  is  an  impassable 
harrier  between  them  and  the  electrodeL 

Such  conditions  would  clearly  account  for  the  resistance  of  cells  to  the  passage 
of  currents.  The  boundary  surface  on  the  one  side  of  the  cell  would  oppose 
currents  in  one  direction,  and  that  on  the  other  side,  those  in  the  opposite 
direction.  Hiey  would  appear  to  be  noo-oonductors.  Bui  it  is  to  be  remembered 
that  this  state  of  affairs  holds  only  as  long  as  the  colloidal  ion  is  the  Colr  one 
available  of  the  riitht  si<,'n.  If  any  diffusible  ion  is  present,  the  current  will  pass 
by  means  of  it,  and  we  know  that  there  a«»  in  the  celh  inorganic  ions  of  both 
signs.  A  high  resistance  might  be  account^  for  by  the  existence  of  most  of  the 
inorganic  oooatituents  of  the  cell  in  tlra  form  iA  salts  with  ooUoids,  whfle  tins  non- 
colloidal  salte  of  the  ceUs  and  the  plasma  of  the  Uood  were  freely  diffusible.  But, 
a,s  we  have  shown  (pa<(e  120),  if  this  were  the  case,  the  ratio  of  the  different  cations, 
say  of  potiissiuni  and  scniinni,  must  be  the  same  inside  and  OUtside  the  blood 
corpuscles,  and  this  is  not  what  is  actually  found. 

FUNCTIONAL  CHANGES  IN  PERMEABILITY 

Tt  appears  from  the  preceding  section  that  we  must  regard  tho  surface  mem- 
brane of  cells,  at  all  events  in  the  condition  in  which  they  ai*e  usually  investigated, 
as  being  impermeable  both  to  colloids  and  to  the  majority  of  crystalloids. 

There  are,  however,  certain  snhstances — ammonium  salts,  urea,  glycerol,  alcohol, 
etc. — to  which  the  membrane  is  more  or  less  permeable  at  all  tirnen.  When  placed 
in  hypertonic  solutions  of  these,  there  is  a  pr?<Hininarv  plasmolysis  or  shrinking  of 
tlie  cell,  greater  or  less  according  to  the  dirt'usibilitv  of  the  solute,  but  this 
disappears  as  the  concentration  becomes  equal  on  the  two  sides  of  the  membrane. 

On  the  other  hand,  we  know  that  it  is  necessary  for  cell  processes  that  such 
things  as  glucose  and  amino-acids,  whieh  are  usually  unable  to  pass  the  membrane, 
should  get  into  the  cell.  For  this  reason  certain  recent  work,  showing  tliat  it  is 
possible  to  produce  reversible  changes  of  permeability  without  killing  tlie  cell,  are 
of  great  importance. 

Ostnrhont  (1912)  showed,  as  already  stated,  that  the  oeUs  of  Laminanei  are 
impermeahle  to  the  ions  of  sea  water,  when  immersed  therein.  But,  if  immersed 
in  pure  sodium  chloride  of  the  same  conductivity  (and  tem^  *  lature)  as  sea  water, 
their  conductivity  m]'idlv  rises,  until  they  oppose  very  little  more  resistance  to  the 
passage  of  the  current  than  the  salt  solution  itself  does.  If  the  exposure  to  the 
sodium  chlmle  has  not  heen  too  prolonged,  the  normal  state  <n  the  edls  Is 
recovered  on  return  to  sea  water.  , 

It  may  be  reniArkcd,  in  pji.s.«iiig,  that  this  fad  seems  impossible  to  acc^junt  for  ori  the  vif  w 
of  th«  membrane  being  only  somi  pcrmeable  m  regards  colloida ;  for  it  would  be  ooccusanr  to 
awranw  that  It  becomes  vermeable  to  oolkidi  under  the  aclion  of  aodinm  chloride ;  in  wfaidi 
case  the  prntop]a8mi.    ui  lance  of  the  cells  would  diffiue  away  snd  no  recovery  be  possibto 

jOn  replacing  in^imii-  ^vx  wiiter. 

Lillie  (1909)  fouinl  that  the  larva  of  Ar<^nirofn,  if  jilaced  in  pure  s<.»diura 
chloride,  isotonic  with  sea  water,  constricts  up  and  the  pigment  contained  in  its 
cdls  diAiaes  out  freely.  This  pigment  is  soluble  in  water,  and  does  not  a{>pear  to 
he  in  colloidal  solution.  The  addition  of  one  volume  of  0*5  molar  oslciom  dilorid« 
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to  24  volumes  of  the  0  5  molar  sodium  chloride  prevents  the  contraction,  and  also 
the  I0S8  of  pigment. 

Fluri  (1909),  again,  found  that  three  days'  immeraioii  in  O'Ol  per  cent  solution 

of  aluminium  sulphate  makes  Spirogyra  permeable  for  moat  salts  as  well  as  glucose, 
and  that  the  effort  can  be  removed,  so  that  the  cells  become  normal  again,  by 
return  to  pure  water. 

Newton  Harvey  (1911,  p.        states  that  a  sodium  salt  mAkos  the  membrano 

of  Spiroyxp-a  und  of  Elodea  permeable  to  sodium  hydroxide,  to  which,  as  we  have 

seen  in  Warburg's  experiments,  it  is  normally  impermeable. 

Another  fact  which  may  be  mentioned  is  that  M'ClenHon  n*.H2,  i.  p.  296) 
found  that  the  eggs  of  Fundtdm  lose  magnesium  in  pure  sodiuiu  ciiloride  solutions. 

Biebeek  (1913)  showed  that  frog's  muscle,  if  immersed  in  isotonic  potassium 
chloride,  swells,  showing  that  the  action  of  the  potassium  salt  is  to  diminish  or 
abolish  the  impermeability  to  potassium,  which  the  muscle  normally  possesses  in 
the  presence  of  sodium  and  calcium. 

Wiichter  (1905)  showed  that  the  passage  of  «iugai-s  from  the  celU  of  the  onion 
was  inhibtted  by  the  presence  of  potassium  nitrate. 

Osterhout  (1910)  shows  that  the  root  hairs  of  Dianthus  barbattis,  grown  in 
distine<l  water,  contnin  no  crystals  of  calcium  oxalate*.  If  the  water  Ije  changed 
fur  a  solution  contaiinng  calcium  salts,  the  crystals  soon  make  tlieir  appearance. 
They  may  easily  be  detected  by  observation  between  crosised  Xicols  in  the 
polarising  microscope. 

Gerard  (1912)  found  that,  on  feeding  animals  with  excess  of  potassium  salts, 
the  blood  maintains  its  constant  composition,  while  the  cells  of  the  tissues  lose  sodium. 

These  various  facts  are  given  in  order  that  the  reader  may  grasp  the  fact  that 
tlie  cell  membrane  is  capable  of  changes  in  its  permeability. 

lustructive  expmmenM  may  easily  be  made  with  slices  of  the  root  of  the  red  beet.  It  will 
be  found  that  the  pigment  dwi  not  leave  the  cells  when  inmiersed  in  tap  water.  (It  is  well 
to  rinse  the  slioes  previously  for  a  minute  or  two  iu  tap  water  in  order  to  remove  the  oontenta 
of  the  cells  whtoh  nare  been  injured  in  the  prooesa  of  cutting  the  slices.)  If,  on  the  contrary, 
thev  be  plact.fl  in  pure  s<Klium  chloride  of  0  *1  molar  ( =  1'82  per  l  eiit.)  strength,  which  is  about 
iaotomo  with  the  cell  eoiitents,  the  pigment  will  gradually  come  out.  Addition  of  017  per 
cent  of  oalciam  chloride  to  the  pare  sodium  salt  prevents  this  effbot.  It  is  convenient  to  take 
3  fVJ  por  cent,  solution  of  tuxlium  rhiorido  and  to  dilute  it  with  an  equal  volume  of  water  or  of 
0*34  per  cent,  oalcinm  chloride  &s  the  ca&u  mav  be.  Many  other  experiiuuuts  un  permeability 
nay  he  made  with  the  red  beet ;  chloroform,  fiile  salts,  Bfrnp,  warming  to  50°,  all  cause  loea  of 
pigment,  but  in  most  vn.^ai  the  cf'lls  are  killed.  If  it  be  desired  to  make  iniantitative  experi- 
meats,  the  oane-sugar,  which  escapeii  aluiiK  with  tlie  pigment,  may  be  estimated  by  an  appro* 
priate  method*   In  this  case,  the  uicee  to  he  compared  nnut,  of  course,  be  of  equal  dimeiuiODa. 

It  eeems  ei^ddent  from  the  Tarioas  inatanoes  quoled  that  calciam  must  produce  , 

some  change  in  the  properties  of  the  cell  memhrane  and  of  sneh  a  kind  as  to  | 

make  it  less  permeable,  and  that  sodium  has  the  opposite  eflFect.    Osterhout  i 

(1912,  ii.  p.  114),  in  fact,  states  that  visible  effects  are  to  be  detected  under  ' 
the  action  of  calcium.    This  antagonistic  nature  of  calcium  and  other  ions  is 
of  mooh  importance  and  will  require  treatment  in  Chapter  VII. 

A  matter  of  tome  practical  importance  is  the  ae/tbn  <if  eam-tugar  on  the  cell  membnuie. 

F>  r  thr'  invc<!tiL'ntion  of  the  effect  of  various  salts,  it  is  necessar^Mo  have  cells  suspended  in 
&u  uotoniu  solution  of  a  non-electrolyt«.  Now,  while  cane-sugar  appears  to  be  the  least 
injeriou,  and  at  the  Mune  time  convenient,  eMpooiallv  if  not  in  contact  with  the  cells  for  too 
long  a  time,  there  are  several  facts  vsliicli  show  tfiat  it  increases  the  permeabilit}'  of  the 
membrane  if  the  contact  is  prolonged.    Betlie  p.  560)  found  that  the  eontractioua  of 

medusa  were  slowed  if  one  part  of  isotonic  cane  sugar  was  added  to  nineteen  of  sea  water. 

(1904,  p.  131)  found  that  the  movements  of  the  excised  intestine  in  Ringer's  solution 
were  weakened  oy  the  addition  of  cane-sugar  above  OiXS  per  cent.  Ktister  (1909)  noticed  that, 
on  plasmolysis  of  the  cells  of  the  onion  in  1;\  [h  i  tonic  cane-»?ugar,  tlie  protoplasm  broke  up 
into  separate  olumpe  and  that,  cm  placins  in  water,  these  dumps  did  not  fiute  together  again, 
while  the  rarCtee  meiDbrane  seemed  to  he  fixed  or  eoagnlated.  Aooordiog  to  Bang  ( 1 909,  p.  283) 
/.i)k)0<l  corpuscles  give  up  snlt-  to  isotonic  cane  sugar,  after  prolonged  contact  with  it.  Muscle, 
on  the  contrary,  is  relatively  resistaut  to  the  action  of  cane-sugar,  giving  up  in  twenty-two 
hourn  to  repeated  changes  Scarcely  more  salts  than  those  contaiiMd  in  the  spaces  between  the 
eelU  (Fahr,  1909).  Overton  (H)02,  ii.  p.  349)  Hhowed  that  a  muscle,  which  had  lost  its 
excitability  by  lying  in  cane-susar  solution,  owing  to  removal  of  sodium  salts  from  between 
the  cells,  quickly  regahM  its  exoitabflity  wfaen'plWMd  in  sodiuiD  ehloride,  so  that  no  pennaoent 
h4«i7  w  infliotsd. 
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A  further  practical  point  of  some  importance  is  that,  when  a  substance  i» 
found  to  penetrate  into  a  cell,  the  oondiuion  must  not  hastily  be  drawn  thai 
the  cell  is  normally  permeable  to  this  snhstaDce.  The  ex^^erime&ts  of  Osterboot 
(1912),  in  which  the  cells  of  Lnminnrta  were  found  freely  permeable  to  sodium 
chloride  when  this  salt  was  present  alune,  but  impermeable  to  it  when  calcium 
was  also  present,  are  sufficient  to  prove  the  contrary.  In  fact,  statements 
regarding  permeability  to  any  partioulAr  substance  can  only  be  held  to  be  valid 
when  the  proof  is  given  that  the  memlMmie  is  tn  its  normal  stat^  a  ptooi  that 
is  not  nluays  given*  and  one  which,  as  most  be  confessed,  it  is  not  always 
easy  to  give. 

There  are  certain  other  substances,  in  addition  to  electrolytes,  which  produce 
changes  in  permeability.  TbB  most  important  of  these  are  those  known  as 
ansesthetics  or  narootifls  and  will  be  discussed  in  a  succeeding  section  of  this 

chapter. 

Certain  functional  states  of  the  cell  are  known  to  be  accompanied  by  changes 
of  permeability ;  the  state  of  excitation  produced  by  stimuli  in  contractile  tissues 
appears  to  be  accompanied  by  increased  pwmeability  to  electroljrtes ;  this  will 
be  discussed  later. 

Lepp{?chkin  (1908)  finds  that  the  permeHV>;iity  of  plant  cells  is  increast'd 
by  exposure  to  light.  The  question  was  worked  out  further  by  Trdndle  (1910), 
especially  with  respect  to  the  relation  between  the  amount  of  change  and  tlM 
intensity  of  the  illumination.  The  bearing  of  this  fact  on  the  explanation  of 
the  movements  which  take  place  under  the  action  of  light  is  obvious.  Diminu- 
tion in  permeability  prcKlnces  a  fall  in  the  concentration  of  osmotically-aetive 
substances  in  the  cell,  the  osmotic  pressure  and  turgor  consequently  fail  in 
value,  so  that  opposing  forces  are  able  to  bend  the  side  of  a  stem  exposed  to 
light.  Henoe  we  heliotropie  curvature.  V.  H.  Blackman  (1918)  also  finds 
that  light  causes  increase  of  permeability  in  the  pulvinus  of  the  sensitive  plants 
described  on  page  431  below. 

Again,  the  great  variation  in  the  relative  concentration  of  sugar  in  the  blood 
corpuscles  and  the  plasma,  and  the  manner  in  which  dhanges  in  tiie  ooncentrar 
tion  in  the  plasma  affect  that  in  the  corpuscles,  serve  to  show  that  the  permeability 
of  blood  corpuscles  is  not  a  fixed  and  unalterable  thing.  The  following  data 
from  a  paper  by  Hobor  0912,  i.)  will  illustrate  the  point: — 

An  increase  of  glucose  concentration  in  the  blood  was  produced  in  various 
ways,  adding  glucose  to  died  blood,  and  determining  the  distribution  between 
pktftna  and  corpuscles  alter  standing,  giving  adrenaline  to  the  living  animal, 
extirpation  of  the  pancreas,  or  a  Isige  amount  of  glucose  introduced  into  the 
stomach. 


Qlttooae,  per  Cent. 

Blood  of  dog  +  glucose  .... 
after  30  roisatos 

0-572 
0-576 

0-106 
0-099 

5-  4 

6-  8 

Blood  of  dog  -f  glucose  .       -      -      •  - 
after  39  miautes      .      •  . 

0-793 
0-793 

0-074 
0112 

10-7 
71 

Dog,  nonuAl 

after  adreDsllne  ... 
„               „          nominates  later 

0-125 
0338 

0'048 
O'OTS 

2-5 
4-4 
7-1 

Dog,  after  pancreas  «xtirpaUoo  ... 

0-031 

0-102 

8-28 

RaKhit,  aft«r  20  g.  glucose  in  iitotuach  • 

0-214 

0-249 

0  i»0 

Babbit,  after  90  g.  g^noose  in  stomsdi  • 

1-017 

0-283 

3-5 
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There  is  clearly  no  question  <>f  fMinillolism,  as  would  be  the  case  if  the 
corpuscles  were  always  permeable  to  glucose  ;  neither  does  the  content  of  the 
corpuscles  remain  constant}  as  would  be  the  case  if  they  were  always  impermeable. 
As  a  rale,  rise  in  the  oontent  of  the  planna  is  associated  with  a  rtae  in  that 
of  tb(*  corpuscles,  but  not  in  invariable  proportion.  The  facte  suggeet  the 
possibility  that  the  normal  .semi-permeability  of  the  membrane  to  glucose  is 
connected  with  a  particular  dill'erence  of  concentration  on  the  two  sides,  but 
that  the  actual  value  of  difference  may  lie  changed  by  other  influences.  The 
membranes  may  be,  aa  it  were^  tuned  to  different  concentrations  of  glucose  by 
Uie  action  of  other  subetancee.  Similar  conditions  may  perhaps  apply  to  cells  in 
general,  but  the  data  as  yet  available  are  not  sufficiently  decisive. 

The  action  of  ebctrolytes  on  the  permeability  of  the  membrane  miggcsts  tlmt  ^hrirl  al  fnrcu 
play  a  part  in  the  phenomena.  The  relation  to  precipitation  of  cuUaidsi  will  occur  to  the 
raadsr.  It  seems  also  possible  that  the  preseuoe  or  auenoe  of  an  electrical  charge  on  tho 
membrane  il^elf  may  be  of  importance  in  determining  the  permeabiUty  to  ions.  Suppose  that 
a  menihruiie  has  a  negative  charge,  it  would,  to  a  certain  extent,  oppose  the  passage  of 
electro-negative  ions.  Certain  experiments  by  (".irard  (1910,  p.  479)  seem  to  support  this 
view.  A  membrane  of  gelatine  aliowed  magnesium  chloride  to  pass  more  freely  wnen  given 
a  positive  charge  by  the  presenee  of  a  tnoe  of  add.  The  cbanse  produoed  in  the  stmctnre 
of  ilie  njeniliianc,  liowever,  riiiist  be  taken  into  couHi'deration.  In  any  case,  it  is  difficult  to 
see  how  the  presence  of  an  electrical  charge  could  exercise  a  permanent  iofluenoe  on  the 
^tribntion  of  an  electrol jte  between  the  two  sidee  of  a  menbcane,  although  the  time  taken 
to  attain  equilibrium  might  he  af!"ecte<l,  a  factor  of  importance  in  rapid  cbanqea  of  state.  The 
experiments  of  Mines  (191'2j  on  the  production  of  potential  difference  will  be  referred  to  in 
Coapter  XXII. 

The  Modfc  0/  (hmUm  (1899,  i  and  ii.)  has  shown  a  striking  correspondence 

between  the  nature  of  a  dye,  as  the  salt  of  a  colour-add  or  a  colour-base,  and  its 

liassage  into  cells.  While  the  cell  membrane  is  impermeable  to  the  fi^rnier,  it  is 
readily  permeable  to  tlie  lattf^r.  The  fact  is  brought  by  this  in\ estimator  into 
relation  with  lipoid  solubiiiiv  and  the  lipoid  nature  of  the  membrane,  a  question 
to  be  discussed  presently.  Here,  we  may  direct  attrition  to  the  fact  that  these 
two  classes  of  dyes,  or  the  coloured  ions  into  which  they  dissociate,  have  opposite 
elr(  trical  charges.  The  so  called  "acid  "  dyes,  that  is,  those  in  which  the  coloured 
part  of  the  salt  is  the  acid  radical,  are  elect ro-nei^ative,  while  the  "  basic  "dy«a 
are  electro-positive,  a  fact  which  would  undoubtedly  have  much  iulluence  <ni 
their  adsorption  by  constituents  of  the  membrane  and  of  the  cell  itself.  In  fact, 
Endler  (1912)  has  shown  that  the  rate  at  wluch  the  diffusible  dyes  enter  the 
cell  is  greatly  afTrt  t-  j  by  the  presence  of  various  electr  lyt^.s  and  brings  i\v  firt 
into  relation  witii  ciianges  in  electric  charge,  although  it  docd  not  seem  quite  clear 
whether  the  effect**  described  by  him  are  not  rather  of  a  "  lyotropic  "  origin. 

Hardy  and  Harvey  ( 1 9 1 1 ,  p.  220)  find  that  unicellular  phtnts  and  ammak  poBsesv 
as  a  rule,  a  surface  char^  which  varies  with  functional  actinty.  This  latter  fact  is 
shown  bv  the  circumstance  that  different  individuals  of  the  same  species  in  a  niiycd 
culture  were  found  to  migrate  in  an  electric  field  at  different  rale^.  lied  blood 
corpuscles,  on  the  other  hand,  have  a  markedly  uniform  rate  of  migration  and  may 
be  regarded  as  having  ver}'  slight  chemical  activity,  although  living.  The  activity 
they  possess  is  also  veiy  uniformly  distributed  between  individuals. 

From  the  work  of  Lillie  (1917,  p.  49)  it  appears  that  the  pos.sibility  of  the  cell 
membrane  becoming  completely  impermeable,  or  "  waterproof,"  under  certain  oon-^ 
ditions,  must  be  taken  into  account. 

THE  CONSTITUTION  OF  TH£  GBLL-M£&iBRAN£ 

To  begin  with,  we  must  remember  that  the  film  covering  the  outer  surface  of 
protoplasm,  or,  in  fact,  any  surface  where  it  ii?  in  contact  with  another  |>haso,  is 
not  of  such  a  nature  that  it  can  be  separated  off",  even  optically,  from  the  reat 
el  the  cell.  After  death,  under  the  action  of  toxic  substances,  it  seems  that  a 
distinct  membrane  may  be  viinUe.  There  are,  of  course,  membmnes  covwing 
whole  organs  which  can  be  separated  from  the  cells  beneath  them,  such  as  the 
interesting  one  on  the  barley  corn,  whose  properties  have  been  investigated  by 
Adrian  Brown  ^1909).  Such  membranes  play  an  important  part  in  physiology, 
bat  are  to  be  diatinguished  from  those  wiUi  which  we  are  immediately  concerned. 
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Suppose  that  a  ma^ts  of  proto^lasai,  such  as  au  AmtnOoy  is  immersed  in  crater. 
By  the  principle  of  WiUard  Gibbs,  any  oomtitQeiit  ol  the  protoplasm  which 
lowen  surface  energy  will  be  concentrated  at  the  iaterfaoo  between  the  two 
phases,  forming  already  a  kind  of  membrane.  Further,  as  shown  Vjy  Hanisden 
(19U4)  and  described  on  paije  55  above,  many  of  the  substances  present  in  cells, 
especially  the  proteins,  sufl'er  a  kind  of  coagulation  when  subjected  to  sucb 
oonoetttnttion.  Now,  subetances  of  a  &tty  nature,  the  BOHsaUed  lipoids,  biu&  a» 
leeithin,  aod  the  fats  themselves,  are  normal  constituents  of  cells  and,  as  we  tmw 
in  Chapter  TIL,  hnve  a  particularly  powerful  action  in  decreasing  surface  eneri»T 
and  will  naturally  take  a  large  share  in  the  formation  of  a  membrane  of  the  kind 
in  question. 

An  interesting  experiment  by  KSgeli  (1855,  i.  pi».  9  and  10),  discnsaed  also  by 
Pfeffer  (1897,  i.  p.  92,  and  1877,  p.  127,  etc.),  shows  that  such  membranes  are 

fonned  on  any  free  protoplasmic  surface.  A  root  hair  of  Hiflrryrharxs  (a  waf^r 
plant  with  relatively  long  root  hairs,  which  are  processes  of  the  root  cells  th-  iu- 
selves)  is  placed  under  a  cover-glass  in  a  solution  of  a  dye,  such  as  aniiinc  biue,  ta 
which  the  normal  cells  are  impenneablew  The  xoot  hair  is  tiien  crushed  hy 
pressure  and,  from  tiie  places  where  the  cell  wall  is  torn,  masses  of  protopbaiB 
exude  and  form  into  little  balls.  These  balls  show  f?imilar  "osmotic  phenon^ona  to 
those  of  thi!  entire  cell.  The  protoplasm  remains  unstained  by  the  dye.  Kuhne» 
also  (1864,  p.  39),  describes  the  formation  of  a  similar  membrane  on  protoplaboi 
Messed  out  from  Sitnior,  a  ciliate  protoiooo.  Farther  obeenratbns  will  be  fimad  in 
Pfeffer's  paper  (1890,  p.  193,  etc)  and  in  that  of  Chambers  (1917). 

Tt  sevmH  probable  that  the  ob'-'i  rv  itirin-  of  KitP  MSIS),  in  which  solutinnp  irij'^i  Tf  rl  ialo  the 
Bubstaoce  of  certain  cells,  so  as  to  lurm  vacuuie^,  wliich  behaved  aa  if  tturruutide^l  by  a  f^wil^y 
nembnme  to  that  on  the  outside  of  the  cell,  are  to  bo  explained  by  this  formation  cnf  a  surfocv 
^r>nfkn<*ation  at  the  interface  between  the  Bolatioa  ia  the  vaonole  and  the  sanonndio^ 

protoplasm. 

It  may  be  noted  here  that  the  clear  surface  layer  of  protoplasin,  noticed  in 
Amaba,  leucocy t<.*s,  Mycetazoa  and  simUar  oi|;anism8,  and  known  as  "  hyaloplasm," 
also  owes  its  origin  to  surface  forces.  When  the  cell  changes  in  dimeittioiis,  as  by 
taking  up4>r  losing  water,  it  is  found  that  the  thickness  of  the  layer  of  hyaloplasm 
does  not  chan£»e,  so  that  its  total  volume  must  have  altered.  It  is  constantly 
maintained  so  as  to  extend  to  a  particular  depth  below  the  surface.  It  is  not  to 
be  thought  that  this  clear  layer  is  the  cell  membrane  itself,  to  which  the  semi- 
permeability  is  due.  This  is  to  be  amn  from  the  fact  that  a  dye^  whidi  ia  unable 
to  rater  a  cell,  is  stopped  before  it  reaches  the  hyaloplasm,  which  remalaa 
unstained,  like  the  rest  of  the  cell  (H<>ber,  1911,  p.  59). 

The  new  formation  of  a  cell  membrane  on  fresh  surfaces  of  protoplasm, 
referred  to  in  €be  preceding  paragraphs,  occurs  only  in  the  living"  state,  although, 
under  certain  conditions,  it  remains  intact  after  the  death  of  the  cell,  as  shown  by 
the  following  experiment  of  Pfeffer  (1877,  p.  136).  A  root  hair  of  Hydrochans  is 
mounte<l  in  an  isotonic  soluh'on  of  cane-sugar,  placed  under  the  n'ii<'rrwco|MP,  anfl  a 
trace  of  hydrochloric  acid  added.  The  protoplasm  becomes  granulai-  and  opauue, 
and  its  moTement  ceases,  that  is,  the  cell  is  killed.  But  if  cherry  juice  or  otW 
dye,  to  which  the  normal  cell  is  impwmeable,  be  added,  it  will  be  seen  that^ 
although  the  cell  is  dead,  the  membrane  remains  impermeable,  since  the  dye  does 
not  enter.  But  suppose  that  we  now  replace  the  coloured  isotonic  solution  bv  a 
hypotonic  one.  The  cell  expands  by  taking  up  water,  but,  contrary  to  what 
happens  in  the  living  cell,  the  memlmme  does  not  expand  also,  so  that  it  gives  way 
at  one  place  or  another ;  the  defect  is  not  made  good,  the  dye  entei^  and  slowly 
stains  the  whole  of  the  protoplasm.  One  must  not,  however,  luustily  draw  the 
conclusion  that  this  semi-permeable  membrane,  after  the  at  tion  of  hydrochloric 
acid,  is  the  same  thing  as  the  natural  one.  The  experiment  merely  shows  the 
possibility  of  producing  a  membrane  similar  to  the  natural  one  in  its  properties 
and  situation. 

Under  certain  circumstances  the  exi.^tence  of  actual  membrane  can  be  made 
visible,  although  there  is  no  prcxtf  that  t)ie  membrane  was  in  exigence  in  the  lining 
cell  in  the  same  state  as  that  seen.    As  already  said,  a  membrane  similar  to  that 
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« 

on  the  outer  surface  of  the  oall  protoplasm  exists  also  on  the  stirfaoes  ol  the 

vacuoles  cnciosefl  within  it. 

Dc  Vries  (1885)  t<&kea  Spiroyyra  and  plasmolyses  by  iramersion  in  10  per  cent.  jMjtuti.siuiu 
nitrate  coloured  with  eonn.  Auet-  al)out  an  hour,  the  cells  die,  become  stained  and  the  red 
shrunken  protoplast  Ilea  in  a  rose-coloured  liquid  situated  between  it  and  the  cell  wall.  The 
Tacaoles  alone  remain  unstained  and  sometimes  shell  out  of  the  cell  as  colourless  balls,  which 
slowly  take  up  the  dye.  In  thin  process  it  is  seen  t hat  tilS  SlIlfMS  laj«r  beOOOMS  VWydM^y 
•tained  before  the  dye  peuetratea  to  th*i  interior  liquid. 

At  the  beginning  of  the  pre.sent  section,  it  was  puuite<i  out  that  contents  oi  the 
protoplaHm,  capable  of  lowering  surface  energy,  are  cuncentraled  on  the  surface  and 
ave^  ^  ^  probability,  the  origin  of  the  oell  membrane.  The  experiment  just 
doKl'ibed  SQggests  a  further  important  point.  The  interface  between  two  phases 
may  be  regarded  as  belonjtpng  to  both  phases,  so  that  constituents  of  both  phases 
will  be  concentrated  tliere  if  they  lower  surface  energy.  This  circuin.stance  does 
not  much  concern  the  protoplasm  of  organisms  like  Amoeba  or  the  cells  of  plants, 
for  the  moet  part^  where  the  external  phase  is  nearfy  pare  vater,  but  isol  oonsider- 
aUe  importance  in  the  higher  animals,  where  the  mitds  in  oontact  with  the  cells 
are  of  a  Iu'ljIiK'  complex  composition.  The  difference  seen  in  the  exp^^rimPTit  of  Do 
Vnes,  quoted  above,  between  tlie  oui^r  cell  membrane,  which  hn.s  Ix  i  n  kiilc<l,  and 
allows  potabsiuro  nitrate  and  dye  Ui  pass  freely,  and  the  membrane  of  liic  vacuole, 
wliich  is  not  for  some  time  made  permeable  to  mem,  suggests  that  the  composition  or 
structure  of  the  membrane  in  contact  with  the  contents  of  the  vacuole  is  not  tiie same 
as  that  of  the  outer  cell  mpmbrane.  This  difference  i.s  probably  due  to  the  presence 
of  substance  in  the  vacuole,  which  contribute  to  the  formation  of  the  membrane. 

It  •will  be  noticed  that  the  view  here  taken  as  to  the  nature  of  the  cell 
mMDbnae  implies  thai  it  is  a  variable  thing  as  nq^ards  its  composition,  since 
this  depends  on  the  substances  present  in  the  protoplasm  of  the  cell,  mv\  in 
the  surrouTiHin'j;  TiipHium,  at  any  jj^ven  time.  Tn  a  certain  sense,  it  if?,  indeed,  a 
part  of  the  protoplasm,  so  that  it  is  not  to  be  wondered  at  that  its  permeability 
is  capable  of  change  with  varying  functional  states  of  the  c^ll.  The  fact  that 
it  is  readily  formed  is  shown  by  the  experiment  of  Nllgeli,  described  above, 
where  a  new  surface  of  fnotoplasm  becomes  rapidly  covert  with  a  membrane, 
having  apparently  the  ^ame  praperti^'^  ns  roneerns  permeability  as  t>i»'  original 
one.  That  it  can  be  reabsorbed  is  shown  by  the  facts  that  pseudopodia  of 
protozoa  will  fuse  together,  and  that  a  number  of  amoeboid  organisms,  as  in 
M}fct^imiMf  will  unite  to  form  a  Plasmodium.  In  tiie  above  sense,  we  may 
accept  the  view  taken  by  Hdber  (1911,  p.  264),  that  the  cdl  membrane  is  a 
livino'  Rtrneturo  In  the  way  in  whi'li  T  ro<;%rd  it,  it  may  be  said  to  be  a 
local  concentration  of  integral  partes  of  the  cell  protoplasm. 

There  is  a  certain  amount  of  optical  evidence  of  the  existence  of  something  on  the  siufaco 
ct  protoplasm  distinct  from  the  inner  mass.  Gaidukov  (1910,  p.  ol,  and  Fig.  3b  on  plate  v.) 
dewribea,  in  a  germinating  qpore  ol  a  myoetosooo,  the  appearance  under  dark  groand  illuiiuiia-> 
Hon  of  a  reticulated  appearance  on  the  surface  of  the  protoplasm ;  this  network  had  a  violet 
ecilour,  wliile  particles  in  the  endoplusni  liiul  a  yellow  colour.  O.sterhout  (1012,  ii.  p.  114), 
also,  saw  an  obviooa  change  on  the  surface  of  protoplasm  under  the  action  of  calcium.  It  is 
wdl  to  be  cantioiia  in  the  interpretation  of  tbeie  phsnomena,  owing  to  llw  poiaiUIity  of 
diflkaofeko  «flbots. 

The  question  of  the  chemical  mmpo.ntion  of  the  cell  membrane  lias  exciter! 
nmch  discussion.  Since  lipoid  substances,  with  cholesterol,  are  universal  con- 
stituents of  protoplasm,  while  they  possess  in  a  marked  degree  the  power  of 
lowering  surface  tension,  it  is  practically  certain  tliat  tl^  most  form  an 
important  part  of  the  membrane.  Kow,  Overton  (1899)  has  advocated  the 
view  that  the  limiting  membrane  of  the  cell  is  essentially  of  a  li{K)i(l  nature, 
and  has  supported  this  hypothesis  by  a  large  amount  of  {)0werful  evitlence, 
which  it  is  important,  as  well  as  instructive,  to  examine  somewhat  closely. 
It  is,  in  the  first  place,  a  very  rMnarikable  foot  that,  in  the  case  of  cells  of 
the  most  various  kinds,  in  the  state  in  which  they  are  usually  investigated, 
the  substances  which  easily  obtain  entrance  into  the  cell  are  just  those  which 
are  soluble  in  lijxiids.  In  view  of  certain  facts,  tv  \>o  spoken  of  later,  it  is, 
perhaps,  more  correct  to  say,  that  those  substances  iu  which  lipoids  are  soluble, 
wch  as  alcohol,  chloroform,  bensene,  etc.,  and  those  which  are  themselves  soluble 
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in  liquids  whicli  (lis'?olve  lipoids,  such  as  iiroa,  fatty  acids,  some  ammoniam  salts, 
etc.,  are  found  to  penetrate  the  cell  membrane.  Those  to  which  the  membrane 
is  impenneable  are  not  dtesolved  by  lipoid  solvents ;  meh  are  sugar,  amino-acidsy 
inorgaQic  salts,  mineral  acids,  etc.  We  notiv  ^  example,  that  sodium  hydroxide, 
insoluble  in  benzene,  does  not  penetrate,  while  ammonium  hydroxide,  which  ia 
soluble  in  benzene,  readily  does  so.  But  it  will  doubtless  occur  to  tlie  reader  tb^t 
these  tNN  u  biise^  differ  iu  many  other  ways  besides  that  of  solubility  ui  bensene. 

Again,  Loeb  (1909)  showed  that  the  Icmvt  fstty  aeids  are  move  efibotivB  10 
modifying  certain  cell  processes,  such  as  those  involved  in  the  ffrtaHiinitiim  of 
ova,  than  the  mineral  acids  are.  The  Isct  can  be  explained  on  the  gnnuid  <A 
the  "lipoid  solubility  "  of  the  former. 

The  aniline  dyes  were  made  extensive  use  of  by  Overton  (1699,  ii.)  to  te^t  the 
hypothesis,  and  it  was  fmind  that  those  soluble  in  lipoids,  that  is,  eelte  off  tuAwu 
bases,  passed  into  the  cell,  while  those  not  soluble,  salts  of  coloor  actds,  did  not.  Thub 
meaning  to  be  attached  to  the  }ihrase  "lipoid-solubility  "  in  this  connection  will  appear 
hereafter.  We  may  note  also  that  the  "liasic"  dyes  whicli  enter,  are  uniformly  elect  ro- 
positive  as  regards  the  coloured  substance  to  which  we  direct  our  attention,  while  the 
*<aeid  "  dyes  are  eleetro-n^Uve^  so  that  lipoid  solubiUty  cannot  be  addaeed  as  the 
only  dimence  between  the  two  dasses.  F^irther,  just  as  remarked  above  with 
reference  to  the  hydroxides  of  sodium  and  ammonium,  it  cannot  l>e  held  thttt 
"lipoid  solubility  "  is  the  only  difTerence  between  ivoetic  and  hydrochloric  acids. 

In  fact,  a  layer  uf  bonzeue  Bhuws  the  same  selective  permeability  in  respect  of  organic  or 
weak  ba.<m  and  acids,  on  the  one  baud,  and  ttroog  inorganic  bases  and  acids  oa  t£e  otb«r 
hand,  as  the  cell  mcnibrano  cloo.«,  but  no  one  supposes  tliat  this  rnenibrano  is  composed  «^>f 
benzene,  lienz&ne,  however,  does  not  disj»olve  even  the  "basic"  dyes,  ulthough  solutions  ol 
certain  lipoids  in  chlorofm m,  etc.,  appear  to  do  so.  It  will  bo  seen  presently,  however,  that 
there  is  strong  evidence  that  this  w  ratUy  an  adaorptko  00  the  sor&oe  of  the  lipoid,  which  is 
only  in  ooUoidal  solution. 

Notwithstanding  what  has  just  been  said,  it  seems  from  the  work  of  Overtoo 
that  we  most  admit  that  "  lipoids "  play  an  important  port  in  the  properties  of 

the  cell  membrane,  although  we  shall  see  later  that  it  is  impossible  to  assign  tbe 
total  composition  of  tlie  c«^]l  membrane  to  them.  Moreover,  wo  shall  find  tbmt 
there  are  difficulties  iu  looixuig  upon  them  as  solvents  in  the  ordinary  sen^ 

At  this  point,  then,  we  may  profitably  consider  some  of  the*  ofaemioel  and 
physical  properties  of  the  cell  constitnenta  to  which  the  name  ''^^poub"  baa  been 
somewhat  loosely  applied. 

We  find  sometimes  that  all  those  substances  extracted  by  alcohol  are  calle'l 
lipoids.  This  is  clearly  calculated  to  cause  confusion.  Oiucoi^  urea,  free  basses, 
sudi  as  choline,  may  w  mentioned  as  beiog  soIuUe  in  alcohol,  but  not  a  lipoid 
nature.  Overton  himself  includes  cholesterol,  although,  strictly  speakiiigy  tbe 
name  should  be  restricted  to  substances  chemically  relat^'d  to  the  fats  proper. 
For  tl»"  |.»t  sent  purpose,  perhaps,  it  may  he  allowed  to  remain  in  Uie  claaa  ol 
lipoids,  u\Mii^  to  the  similarity  of  its  physical  properties. 

The  simple  ordinary  fats,  glycerol  esters  of  both  saturated  and  nneatumted 
higher  fatty  acids,  are  common  constituents  of  the  cell,  but  the  most  interesting 
are  those  complex  fats,  to  which  the  name  "lipines,"  with  its  derivatives,  has 
been  given  by  Leatlies  (1910).  Lipines  themselves  are  coin|)ounds  f^f  fattv 
acids  with  a  nitrogen-containing  group,  but  contain  no  phospiiorus  nor  carbo- 
hydrate. Phospholtpines  contain  phosphorus  in  addition,  and  aie  sometimee 
called  *' phosphatides,"  while  "  galactolipines "  contain  no  phosphoroa,  bat  a 
carbohydrate  group,  £:^alactoge,  and  correspond  to  tlie  cerebrins  or  cerebrosidca  ol 
some  authors,  'i'he  most  familiar  of  tliesu  lipoids  is  the  pbosphoUpinei,  lecithin, 
of  which  the  formula  is  usually  given  thus :  — 

CHo.O.O(J.CnH3, 

ch:o.oc.c,sHs, 

CH»0-P=0 

H«  .CH« 
HO  .CH, 
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may  be  looked  upon  as  glycero-phosphoric  acid  combined  up  with  one 
molecule  each  of  oleic  and  palmitic  acifls,  «in  the  one  hand,  and  wrth  cholinr,  a 
base,  with  the  constitutioa  of  a  reri/iary  amine,  ou  the  other  hand.  It  is  to  be 
remembered,  however,  that  other  fatty  acid  radicals  may  take  the  place  of  oleyl  or 
palmity],  and  other  bases  tiie  place  ol  dioline. 

The  physical  properties  of  this  substance  are  the  most  important  in  the 
present  coim<>ction,  and  they  are  somewhat  remark;*blo.  It  is  a  soft,  waxy, 
substance,  soluble  (probably  in  colloidal  form)  in  chloroform,  benzene,  oil,  and 
alcohol,  rather  less  ao  in  ether;  insoluble  in  cold  acetone  or  ethyl  acetate.  Placed 
iQ  oontaot  with  water,  it  tends  to  disperse,  assuming  the  soKsalled  "mydin'' 
fomw,  like  Ihe  pseudopodia  of  amcfl^oid  organisms.  If  shaken  up  with  water,  it 
forms  a  colloid?)!  sulation  of  theemulsoid  type^  in  which  the  internal  phase  oottsbts 
of  lecithin  containing  "imbibed"  water. 

Although  the  physical  properties  are  the  most  striking,  the  cheujical  com- 
position suggests  important  fimctioiis  ol  a  chemical  nature,  bat  what  these  are  is 
at  present  very  uncertain. 

Wh'-ri  ilcoiiolic  solutions  containing  lecithin  and  glucose  or  certain  proteins  are 
<?vaporated  to  dryness,  it  is  found  that  ether  t^ikes  up  from  tiie  residue  adsorption 
compounds  of  lecithin  with  glucose  or  protein,  substances  normally  insoluble  in 
ether.  It  was  at  one  time  snppoeed  that  these  wete  definite  ohemieal  oompounds, 
but  it  has  been  shown  that  the  proportion  of  the  constitnents  varies  with  that  in 
the  original  mixture  and  is  never  definite.  The  cases  of  "jecorin,"  which 
coutains  glucoRP,  and  of    vitellin,"  have  U'<"n  already  discusse<l  (page  06  above). 

The  relationship  of  lecithin  to  water  is  of  much  importance  as  regards  the 
cell  membrane.  This  membrane,  with  very  rare  exceptions,  is  freely  permeable  to 
water.  Now,  the  tme  fats  are  not  ao^  while  lecithin,  as  stated  above,  easily 
•swells  up  in  wat^^r.  and  is  theref'rp  permeable  to  it.  But,  as  Xathansohn  (1904, 
p.  640)  points  out,  in  this  state  it  has  lost  its  power  of  being  a  solvent  for  lipoid- 
soluble  substances  only ;  dry  lecithin  in  solution  in  benzene  dissolves  the  "  basic  " 
dyv^  only,  but  mcHst  ledthin  in  bensene  is  also  a  ** solvent"  for  the  sulphonic 
add  dyes,  to  which  the  cell  membrane  is  normally  impermeaUe.  •  Buhland 
19u9,  p.  34)  prepared  membranes  of  lecithin  and  cholesterol  in  the  manner  of 
i'ascucci  (1905),  and  found  that  no  dye,  ''basic  '  or  "acid,"  diffused  through 
cholesterol  at  alh  Neitiier  did  this  happen  through  lecithin  membranes,  which 
weire  oompletely  impmneable  until  satiinted  with  water;  when  this  oociirred, 
as  could  be  «een  from  the  fall  ol  the  water  column  in  the  ceU,  both  kinds  of  dyes 
began  to  come  through. 

LfJCNve  (1912)  has  recently  published  important  work  ou  the  physical  chemistry 
of  these  "lipoids."  Kephahn  is  a  substance  closelv  related  in  its  composition  to 
ledthin  and  present  in  oonsiderable  amount  in  brain.  As  already  mentioned, 
lecithin  forms  an  obviously  colloidal  solution  in  water,  and  Loewe  shows  that 
kephalin,  vwn  in  chloroform  or  benzene,  is  also  in  the  colloidal  state.  The 
solutions  show  the  Faraday-Tyndall  phenomenon  and  an  illuminated  cone  under 
the  ultrarmicroscope.  In  solutkMi  in  chloroforQi,  the  raising  of  bcnling  point  is 
too  small  to  be  detected,  showing  that  the  solute  is  in  large  aggregates,  a  fact  also 
evident  from  vapour  pressure  measurements.  Further,  when  swollen  by  the 
action  of  water,  it  becomes  insoluble  in  ether.  The  reader  will  probably  n  niember 
that,  in  the  old  Hoppe-tieyler  method  of  extracting  the  lipoids  from  brain,  it 
was  nec€«^ry  to  dehydrate  first  with  alcohol  in  ordinr  to  niake  tiiem  soluble  in 
ether.  The  meaning  ol  this  insolubility  in  ether  will  be  apparent  when  it  is 
remembered  that  presence  of  water  does  not  affect  true  solubility  in  ether,  sti<-h 
as  that  of  picric  acid,  which  is  extracted  by  ether  from  its  solution  in  Miiirr. 
Kephalin,  then,  is  not  in  true  solution  in  these  various  so-called  ''solvents  '  for 
Hpokls. 

This  fiwit  raises  considerable  difficulty  in  the  interpretation  of  Ovortons 

experiments  with  "  lipoid-s(jlul)le "  dyes  and  other  substances.  Acrorrling  to  bis 
view,  a  substance  obtains  admission  to  the  cell  Ix'cuuse  it  is  soluble  in  ]<  t  itiiin  and 
fiimilar  substances.  Take  the  case  of  methylene  blue.  This  is  insoluble,  except  to 
a  minute  degree,  in  <^ovoform,  Imt,  if  kephalin  be  present  in  the,  chloroform,  the 
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chloroform  lipoid  phase  becomes  deeply  coloured  when  brought  into  contact  with  a 
watery  solution  of  methylene  blue.  The  explanation  given  by  the  adherents  of 
the  Upoid-membrane  theory  is  that  methylene  blue  is  more  soluble  in  kepbaUu 
than  in  water  and  that  the  staming  of  the  Kpoid  is  due  to  a  trae  solntiDii  of  the 
dye  in  it.  Kow  lioewe  brings  strong  evidence  against  this  interpretation  of  the 
fact.  Suppose  that  the  dye  is  dissolved  in  true  solution  ;  there  ia  a  certain  ratio 
betw  een  its  concentration  in  the  water  pliase  and  that  in  the  chloi<>ff>i  ni  lipoid 
phase,  known  as  the  "partition  coefficient,"  and,  if  the  molecular  weight  is  the 
aaoie  in  both  aolvents,  this  ratio  will  not  vary  with  the  conoentFation.  Loeve 
finds,  on  the  contrary,  that  the  ratio  varies  very  oonsiderably  with  the  ooocen- 
tration,  but  that  it  follows  the  parabolic  law  of  adsorption,  viz.,  the  ratio  varies  an 
some  power  of  the  concentration.  Tlie  exponent  1  /n  haw  vnluos  lup^tv/een  0"35  and 
0'16,  accor<iing  to  the  particular  lipoid  uiad,  kephalin,  cholesterol,  residual  brain 
lipoids,  etc.  On  the  other  hand,  for  each  individual  lipoid,  the  value  is  fairly 
oonatant.  The^sondnsion  drawn  is  that  we  are  dealing  with  a  case  of  adsorption, 
but  it  must  not  .be  forgotten,  as  Loewe  appears  to  have  done,  that  the  partition 
l)etween  sohents  also  has  an  exponential  ratio  if  the  molecular  weight  of  th 
solute  is  not  the  aame  in  the  two.  Take,  for  example,  acetic  acid  dissolved  in 
benzene  and  in  water ;  in  the  former  Uie  molecular  weight  is  double  that  in  the 
latter,  owing  to  the  asaociation  of  two  moleonles  together.  In  such  cases,  the 
exponent  expresses  the  ratio  of  the  molecular  weight  in  the  two  solvents,  so  tlui* 
it  must  be  a  whole  iHinil>er.  Now,  in  the  case  of  methylene  blue  in  lipoid  and 
water,  a  ratio  of  whole  iiunilxM-s  (  an  only  be  obtained  by  assuming  a  verv  large 
association  in  hoth  solvents;  a  quite  impoHsible  d^r6e  in  fact  as  regards  water, 
where,  judging  by  its  electrioal  conductivity,  there  is  no  association.  It  appean, 
then,  that  Loewe's  interpretation  is  correct.  Moreover,  as  this  investigator  points 
out,  if  the  phenomenon  is  a  partition  owing  to  different  solubility,  the  dye  would 
readily  be  removed  when  the  lipoid  phase  is  put  into  contact  with  pure  water. 
But  this  is  not  so,  and  the  case  is  precisely  similar  to  that  of  i)a{>er  stained  with  the 
dye.  It  will  be  remembered  tost  paper,  owing  to  its  negative  charge,  has  a 
strong  adsorptive  power  for  dectro-positive  dyes  and  is  in  eqailifarinm  only  when  a 
very  deeply-stain^  paper  is  in  contact  with  a  very  dilute  solution  of  dye.  So 
that,  as  Fretindlich  points  out,  very  little  dye  is  removed  by  pure  water.  Another 
fact  observed  by  Loewe,  which  shows  the  staining  of  lipoid  by  methylene  blue  to 
be  a  surface  condensation  only,  is  that,  if  a  mass  of  kephalin  be  placed  in  contact 
with  a  watery  solution  of  methylene  blue,  tiie  dye  does  not  diffase  into  the  lipoid. 
Farther,  if  a  solution  of  dye,  to  which  gelatine  has  been  added  in  order  to  prevent 
mixing  of  the  various  layers,  be  covered  \\  \\\\  a  layer  of  lipoid  and  over  this  waU^r 
Ix-  j)laced,  no  dye  passes  into  the  water.  Similar  facts  were  noticed  with  regard  t<> 
other  substances  suppostHl  to  be  soluble  in  lipoids,  such  as  narcotics,  nicotine  and 
tetanus  toxin.  As  concerns  other  lipoids,  cerebroside  (a  galactolipine)  and  the 
lipoid  residue  from  brain  after  removal  of  kephalin  and  cerebroside,  all  behaved 
likr  kfjJialin.  Cholesterol  was  found  to  olx'y  the  partition  law,  but  dissolved  ven' 
little  dye.  Thymol  in  chloroform  was  found  to  be  partly  in  a  colloidal  form,  p;\rt!'. 
in  true  solution,  but  obeyed  tlie  adsorption  law  and  not  the  partition  law.  lu 
this  last  case,  apparently,  only  the  colloidal  particles  took  np  the  dye.  l%ere  in. 
finally,  another  dithculty  involved  in  the  acceptance  of  the  sdnbuity  partition 
theory.  If  we  take  a  particular  case  of  Loewe's,  say  the  first  on  Table  II.  (p.  161 
of  hie  paper),  we  see  that  the  final  concentration  of  the  dye  is  2:reater  in  the  lipoid- 
chloroform  phase  than  in  the  water  pliase.  iiemembering  that  the  dye  l<> 
practically  insoluble  in  chloroform  itself,  the  result  means  that  the  solvent  power 
of  chloroform  for  the  dye  has  been  m^sed  by  the  addition  of  0*5  per  cent  cf 
kephalin  to  at  least  that  of  water.  If  we  compare  this  effect  with  the  increase  of 
the  solvent  power  of  alooliol  for  cane  sn;::jar,  produced  by  the  addition  of  as  much 
as  3'2S  per  cent,  of  water,  which  wa:i  found  by  Scheibler  (1872>  to  be  raiae<i  only 
to  0*36  per  cent.,  we  are  compelled  to  admit  the  inherent  improbability  of  explana- 
tion on  these  lines. 

So  far  as  Loewe's  experiments  go,  it  appears  that  a  lipoid  membrane,  so  far 
from  being  an  assistance  to  the  passage  of    lipoid  >  soluble"  substances  inte 
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the  cell,  is  rather  of  the  nature  of  a  hindrance,  since  it  holds  fast  the  substances 
instead  of  passing  them  on.  At  the  sjiuip  time,  the  fact  has  to  be  explained  wliy  it. 
iH  just  these  particular  things  that  eni<i  tlie  cell  so  easily,  although  some  pioj>ei  ty 
other  than  partition  according  to  solubility  will  have  to  be  brought  into  the 
aooonatk 

Before  proceeding  further,  a  few  words  may  be  said  es  to  etioleBlerul.  The 

ubiquitous  presence  of  this  chemically-inert  substance  is  a  remarkable  fact  and 
*»ui?gests  that  it  must  have  some  important  part  to  play  in  tlie  regulation  of  the 
mechanisms  of  the  cell.  In  strictness,  it  is  not  a  lipoid,  although  for  convenience 
uaually  reckoned  inith  tiiem.  In  chemieal  eonstitntion,  it  is  the  monatomie 
alcohol  of  a  eubetance  related  to  the  terpenes  \  according  to  Windaus  and  Stein 
(1904),  the  complex  terpene  in  question  is  methyl-isopropyl-phenanthrene.  The 
mmt  familiar  terpenes  are  the  essential  oils  of  ^tlants,  cymene,  for  example,  from 
oil  of  caraway  and  from  oil  of  eucalyptus  is  methyl-isopropyl-benzene.  It  is 
fff  some  interest  to  find  in  the  animal  a  representatlTe  of  this  class  of  substances 
so  widely  spread  in  the  vegetable  kingdom.  Cholesterol  is  soluble  in  ether, 
benzene,  chloroform  and  fats  ;  insoluble  in  water  and  in  cold  alcohol.  In  the 
wArk  of  Loewe,  above  mentioned,  it  wjus  found  that  it  could  take  up  lipoid-solul)le 
uyes  to  a  very  small  degree  only  and  apparently  in  accordance  with  the  partition 
law  and  not  with  that  of  adsoi'ption. 

Although  it  is  neoessary  to  hold  that  lipoids  form  a  part  of  the  constituents  of 
the  cell  membrane,  there  is  reason  tO  doubt  that  they  are  the  sole  substances 
taking  j^>art  in  it.  For  one  thing,  it  is  very  difficult  to  understand  how  the 
p'Tmeability  is  capable  of  regulation  by  processes  occurring  inside  and  outside  of 
liie  cell  unless  the  membrane  has  a  veiT  complex  composition.  There  is,  also, 
more  direct  evidence  that  a  more  complex  structure  than  a  mere  lipoid  one  is 
coDcemed,  as  we  shall  see  presently.  Bnt»  whatever  explanation  may  be  given 
of  the  fiic-t,  it  seems  certain  that  cells  are  always  permeable  to  substances 
soluble  in  lipoid  solvents,  while  being  only  at  timea  permeable  to  those  not  s<} 
ioluhle,  such  as  sugars,  amino-acids  and  most  salts.  There  are,  as  it  were,  two 
kinds  of  pmieability,  of  which  the  latter  one  alone  is  subject  to  functional 
change^ 

The  presence  of  more  than  one  constituent  in  the  case  of  the  membrane  of  the 
red  blood  corpuscles  is  shown  by  the  experiments  of  Ryvosh  (1907)  on  luemolysis 
by  saponin.  This  glucoside  causes  the  corpuscles  to  break  up  by  a  kind  of 
tolvent  or  di8|>er8ive  action  on  the  cell  membrane.  It  has  remarbble  powers  of 
being  adsocbed  at  interfaces  between  phases,  driving  out  most  other  substances 
from  this  situation.  At  the  same  time,  it  is  difficult  to  denMmstrate  that  it 
lowers  surface  ten«non  to  any  considerable  degree.  It  is  probable  that  this 
uit£cuity  arises  from  the  fact,  discovered  by  Ramsden  (1904),  of  tlie  formation  of 
a  rigid  fihn  at  the  smrface  where  its  solution  is  in  contact  with  anotlier  phase. 
We  have  seen  that  hnmolysis  is  also  brought  about  by  mixing  the  blood 
oorpusdes  with  a  hypotonic  solution.  The  phenomenon  in  this  case  is  due  to 
swelling  by  osmosis.  Xow  the  corpnsolrs  of  difierent  animals  have  a  different 
relative  power  of  resistance  towards  tiiese  two  methods  of  hiemolysis,  and  in  8uch 
a  way  that  the  corpuscles  of  some  animals  require  the  dill'ereuce  between  their 
own  camotio  jpressure  and  that  of  the  hypotonic  solution,  in  order  that  hnmolysis 
may  occur,  to  oe  greater  than  those  of  other  animals.  Also  those  of  certain  species 
require  a  higher  concentration  of  saponin  than  in  the  case  of  other  species.  The 
imj>ortant  point  is  that  the  more  resistant  a  particular  kind  of  corpuscle  is 
towards  saponin,  the  more  sensitive  it  is  to  a  hypotonic  solution  and  vice  versa. 
The  two  series  below  iUnstrate  this  fact»  the  most  resistant  species  in  both  series 
being  at  the  top  of  the  left-hand  oolnmn : — 
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Tho  rabbit  alone  of  all  the  Miimftla  tested  fails  to  oome  into  the  correspopding 

place  in  the  two  series. 

It  is  evident  that  the  constituent  acted  on  by  saponin  is  of  a  kind  differeat 
from  that  which  gives  way  when  distended  by  osmosis. 

Again,  wliile  most  lipoid  solvents  do,  as  a  matter  of  fact,  cause  hsemolysis,  tlu^ 
absence  of  an  effect  on  t)u^  part  of  pure  olein,  while  a  mere  trac<»  of  an  ok-ate 
sutticient,  shows  that  the  solvent  action  exerted  on  the  lipoids  of  the  cell  membraiir  j 
is  not  the  chief  factor.    A  surface  tension  and  adsorption  effect  is  rather  suggested,! 
leading  to  modifications  in  the  colloidal  state  of  the  membrane. 

Mines  (1912,  p.  22(i)  li  is  shown  that  red  blood  corpuscles  behave  to  the 
agjilutiiiatini]:  action  of  trivalont  ions  a'^  if  (N>f\tc'!  \vit!i  fin  emulsoid  colloid  N 
a  .suspension  of  lecithin  in  water  behaves  ratiier  as  a  sLuspensoid  towards  electruiyic-i 
(Forges  and  Neubauer,  1907),  being  precipitated  by  bivalent  ions  in  low  ooncentra-! 
tions.  These  facts  surest  that  tibe  composition  d  the  cell  membrane  is  rather 
that  of  protein  than  of  lecithin. 

According  to  Pascucci  (1905,  p.  551),  the  «»troma,  or  colourless  portion,  of  the 
red  blood  corpuscles  consists  of  protein,  lecithin,  cholesterol  and  a  cerebrodidt;. ! 
The  greater  part  of  this  stroma  forms  the  ottter  membrane.  Varioos  reasons  arej 
given  for  the  belief  that  there  is  very  little,  if  any,  protoplasmic  skeleton  within 
the  corpuscle,  the  chief  reason  being  the  separation,  in  certain  conditions,  of  the 
whole  of  the  htpmoglobin  in  large  ct  ystals  within  the  corpuscle^  while  nothing  is 
to  be  seen  of  any  protoplasmic  substance  between  the  crystals. 

The  same  investigator  made  artificial  membranes  of  todthin  and  cholesterol 
(p.  555)  by  impregnation  of  a  fine  silk  tissue,  tied  over  the  «id  of  a  glass  tube, 
with  the  fused  liiioid  or  mixture  of  the  two.  Such  menibrano.s  were  found  to  l)e 
attacked  by  li:«nio]ytic  agents,  saponin,  cobra  veuoui  atid  tetanus  toxin,  in  s 
similar  way  to  blood  corpuficlos,  becoming  permeable  to  haemoglobin.  Liecithiu 
was  mncfa  more  readily  attadced  than  was  cholesterol.  lipoid  Mdvt^ts  attacked 
both,  would  be  expected,  but  dilute  sulphuiic  acid  had  no  action.  On  the 
other  hand  alkalies,  both  ammonium  and  sodium  hydroxides,  rendered  theiu 
permeable.  In  this  latter  respect  they  differed  from  the  normal  cell  mem- 
brane, which,  as  we  have  seen,  is  permeable  to  the  former,  impermeable  tOj 
the  latter. 

The  experiments  of  Garmus  (1912)  on  the  living  ^in  glands  of  the  frog  lead 
hitn  to  the  conclusion  \\r.\X  the  penetration  of  dyes  into  the  cells  of  these  glaii-l- 
has  no  relation  to  their  solubility  in  lipoids,  since  some  of  tho.se  thrit  obtaiu 
entrance  are  insoluble  in  lipoids.  Moreover,  poisons  like  saponin,  sodium  tiuoriiie 
and  ether,  which  attack  lipoids,  do  not  affect  the  vital  staining  of  the  glaod  celk 
It  is  possible,  however,  that  secreting  cells  behave  in  a  different  way  from  the 
majority  of  other  kinds  of  cells. 

Pt'skiiul  (19f>3,  p.  420)  comes  to  the  conclusion,  from  experimental  results  which  ar^  noK 
very  uouviucing,  tiiat  a  "  nucleo-prol«in  "  formn  u  constituent  of  the  cell  tneiubrane,  in  c^n- 
jonotioD  wifeh  upoidt. 

In  respect  of  the  question  as  to  the  penetration  of  substances  into  cells  on 
account  of  their  solubility  in  lipoids,  a  certain  confusion  is  apt  to  be  made  in  (L 
interpretation  of  the  action  of  such  lipoid-soluble  suljstances.  It  appears  to  if 
assumed  sometimes  tiiat,  if  a  particular  substance,  bay  chloroform,  is  more 
soluble  in  the  lipoid  membrane  tlum  it  is  in  a  watery  liquid,  the  resolt  will  be 
that  there  is  a  greater  concentration  of  the  chloroform  in  the  interior  of  the 
cell  than  in  the  surrounding  liquid.  On  the  contrary,  if  the  solution  inside  the 
cell  is  the  same  as  that  outside,  the  concentration  will  Ix^  identical  :  the  fact 
of  greater  solubility  in  the  lipoid  only  means  that  the  concentration  in  the  <^ll 
VMmhroflM  itgdf  is  higher.  The  meaning  of  the  **  partition  coefficient "  is  that 
there  is  a  particular  ratio  between  the  concentration  of  a  substance  in  t«D 
phases,  according  to  its  relative  solubility  in  them,  so  that,  unlf^'^  tfie  interior 
of  the  cell  has  the  same  solvent  power  as  the  lip<jid  itself,  the  partition  cH'fficient 
applies  to  the  membrane  only  and  not  to  the  cell  as  a  whole.  Whether  the 
concentration  is  higher  in  the  cell  protoplasm  depends  on  the  amount  of  lipoids 
which  this  oontams.   When  it  is  found,  .for  example,  that  narcotics  ad  m  olsai 
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are  takcna  up  by  the  nervous  system  in  greater  proportion  than  they  are  by 
other  tis<;iips,  this  must  be  understood  to  mean  that  lipoid  constituents  are  in 
greater  proportion  in  this  tissue.  It  does  not  necessarily  mean  that  the  proto- 
plasmic substance  of  the  nerve  cell  itself  is  exposed  to  a  greater  concentration  of 
narootio  than  that  of  other  cells  is. 

Experiments  by  Osterhout  (1911)  on  Spirogyra  show  that  the  cells  of  this 
alga  are  permeable  to  both  sodium  chloride  and  to  calcium  chloride,  as  well  as 
to  many  other  salts,  when  preaerU  (done;  the  conclusion  is  drawn  tliat  the 
membrane  is  not  lipoid,  since  tiiese  salts  are  insoluble  in  such  anbatanees.  The 
remarkable  fact  was  observed  tiiat  a  mixture  of  chlorides  of  sodium  and  calcium 
renders  the  membrane  impermeable  to  both.  These  results  are  regarded  as 
indicating  a  protein  constitution.  It  appears  to  me,  however,  that  caution  must 
be  exercised  in  interpreting  them  and  that  they  indicate  rather  that  a  pure 
salt  aflbela  the  membrane  In  such  a  way  as  to  produce  an  abnormal  permeability, 
which  is  of  a  temporary  nature,  since,  in  the  experiment  referred  to,  the  cells 
were  not  permanently  injured.  From  the  faet  that  the  natural  cells  were  fmind 
to  }yc  isotonic  with  0-375  molar  .sodium  chloride,  it  must  be  concluded  that  they 
contain  a  considerable  amount  of  osmotically-active  crystalloids,  which  would 
diffuse  out  into  Uie  nearly  pure  water  in  which  the  cells  normally  live,  unless 
the  membrane  were  impermeable  to  salts. 

Tliat  a  simple  protrin  membrane  is  insufficient  to  account  for  such  imperme- 
ability is  showri  by  the  behaviour  of  some  interesting  protein  membranes  prepared 
by  Newton  Harvey  (1912).  When  chloroform  is  shaken  with  solutions  of  ^g- 
albnmen,  a  membnne  is  formed  on  the  surface  of  the  drops  by  condensation  of 
the  proton  in  the  manner  described  by  Kamsden  (1904).  If  these  globules  are 
allowed  to  stand  in  water,  the  chl<^roform  diffuses  out  faster  than  water  enters, 
so  that  they  shrink;  if  lecithin  be  dissolved  in  the  chloroform  previously  to  the 
shaking  with  the  egg-white,  water  is  taken  up  suthciently  rapidly  to  prevent 
shrinking  and,  if  left  in  an  open  vessel,  the  chloroform  disappears  entirely  in 
the  course  of  an  hour  or  two  and  there  remains,  inside  the  delicate  protein 
membranes,  a  colloidal  solution  of  lecithin,  partly  in  the  form  of  granules  which 
are  visible  under  the  microsc-ope.  When  a  dilute  solution  of  neutral  red  is 
added  to  a  suspension  of  these  artiiicial  cells  in  water,  the  lecitliiu  granules 
take  up  the  dye  by  adsorptidb  and  become  red,  so  that  an  opportunity  is  given 
to  test  ^e  permeability  of  the  protein  membrane  as  regards  alkalies.  It  is 
found,  contrnrv  to  the  l)ehaviour  of  the  living  cell,  which  is  impermeable  to 
^JiTflium  hydroxide  but  permealjle  to  ammonium  hydroxide,  that  the  two  alkalies 
pas8  through  the  protein  membrane  at  an  eijual  rate.  The  membrane  of  the 
living  cell  is  therefore  of  quite  a  difibrent  composition  from  that  which  condenses 
on  chloroform  drops  in  a  solation  of  egg-white. 

Another  instructive  experiment  made  by  the  same  observer  is  to  take  a 
solution  of  leeithin  in  benzene,  instead  of  in  chloroform,  and  to  repeat  the 
above  procedures.  Tlio  benzene  of  the  droplets  cannot,  of  coursie,  diffuse  away 
into  water,  but,  if  they  be  stained  with  neutral  red  and  placed  in  ammonium 
hydroodde  of  0  0001  "molar  concentration,  the  change  to  yellow  is  almost 
inst<intaneotts,  while  even  in  O'l  molar  sodium  hydroxide,  it  takes  twenty 
minutes  to  profluce  the  change.  Ammonium  hydroxide,  in  fact,  is  readily  soluble 
in  benzene-lecithin  solution,  while  sodium  hydroxide  is  not.  But  it  is  easy 
to  show  that  wet  benxene  itself  behaves  in  the  same  way. 

Q«latine,  stained  with  neutral  red,  is  allowed  to  set  in  the  bottom  of  an ErUnmeyer  dask, 
which  is  then  fillfnl  with  water  and  inverto<l  in  a  vessel  of  water.  By  means  of  a  l>ent  tube, 
beozeno  ia  passed  up  mto  the  flask,  where  it  forms  a  layer  between  the  water  and  the  gelatine. 
Various  alkalies  ana  adds  ohi  be  added  to  the  water  in  the  flask  by  the  same  tube,  and  it  will 
\yG  found  that  benzene  is  permeable  to  ammonium  hydroxide  and  to  acetio  acid,  impermeable  to 
8()dium  hydroxide  and  to  nydrochloric  acid,  in  fact  it  behaves  like  the  cell  membrane.  According 
to  these  experiments,  the  cell  niomhrane  should  1>g  composed  of  benzene,  which  is  ab^ind. 
Newtoa  Harvey's  experiment^  in  fact,  tells  us  nothing  aa  to  the  properties  of  lecithin  \«  Iru 
taturated  with  water;  aoocwdioff  to  Pasouoei,  as  we  saw  above,  a  lecithin  membrane  is 
attacked  b"tli  by  ammniLiunt  ana  sodium  liydroxideH.  Xone  of  the=:''  experiments,  indeed* 
^flPf^rrla  pToof  that  the  cell  membrane  is  composed  only  of  lipoid  material. 
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ACTION  OF  TOXIC  SUBSTANCES 

When  cells  are  killed  bj  various  means,  their  jjemi-permeability  is,  as  a  riT?e, 
converted  into  complete  permeability.    But  there  are  some  agenUi  which,  when 
dilate,  liave  not  this  effect,  although  taey  kill  the  cell.  Formaldehyde  in  4  per  oent^ 
soltttion  destroys  the  8eiBi*permeiibUity,  bat  in  0*2  per  cent,  flolutioii,  this  property 
is  preserved  in  an  apparently  normal  state  for  a  considerable  time;  so  that,  for 
example,  Stewart  (1901)  was  abl^"  to  show  that  blood  corpuscles,  treated  with 
dilute  formaldehyde,  rcUiin  their  normal  permeability  for  ammonium  chloride  arid 
their  normal  impermcMibility  for  sodium  chloride.    Moreover,  saponin  and  water 
cause  the  same  dhange  in  permeability  to  ions  that  they  do  in  living  blood, 
although  no  laking  takes  place.    It  follows  from  these  facts  that  the  action  o£ 
saponin  or  of  water  does  not  depend  on  liberation  of  hsemoglobin,  but  must  be 
exerted  on  the  cell  membrane.    When  the  corpuscles,  after  fixation  by  formaldehyde, 
are  extracted  with  ether,  which  presumably  removes  the  lipoids,  the  conductivity 
of  the  corposdes  is  increased  ana  saponin  has  no  farther  eflfoet  in  this  direction. 
The  inference  seems  to  be  that  lipoid  snbstanoes  are  an  int^ral  part  of  the  mem- 
brane and  that  the  action  of  saponin  is  on  these  substances,  although  the  possi- 
bility is  not  to  be  forgotten  that  ether  may  produce  other  alterations  in  the  nature 
of  the  membrane,  apart  from  abstraction  of  lipoids. 

A  reiiuirikable  efleet  on  Uood  oorpoacleii  xyrodnoed  by  oobn  venom  liss  been  deiaribed  by 

NoKuchi  (1905).  Like  enako  poisons  in  gein  l  al,  this  is  hajnioljrtic  in  low  concentrations,  but 
difierent  ajpeoies  of  aoimals  vary  maoh  ia  thuir  sensitiveaess  to  this  effect.  Vo,  great  exoawi, 
oobra  vwkom  Is  not  hamolytie ;  on  tlw  contrary,  it  prewots  the  beniolytic  aetioa  of  «a|»OBifi. 
Rven  wat^r,  sevcml  timr?  renewed,  has  no  action  on  corpuscles  siiV>i -i  ted  to  the  action  of 
large  quautities  of  cobra  venom.  It  seems  impossible  to  explain  this  tiici  except  on  the 
hypothesiH  that  the  membrane  has  become  actually  impcrmcablo  tO  water,  as  if  cunvierted  into 
wax  or  india-rubber.  When  wa.shed  with  sodium  chloride,  their  normal  l)ehaviour  to  water  is 
restored.  It  seems  that  some  constituent  of  the  membrane  enters  into  combination  with  the 
poiion,  foming  a  ratMtoDoe  whidh  ii  insolttfaloin  water,  bat  decomposed  by  ebdium  ohloridflL 

Ether  and  chlontform,  like  fonnaldehyde,  have  a  diflGwent  aetion  in  dQute  and 
in  concentrated  sfdntions.    In  the  latter,  they  increase  permeability,  in  the 

former,  they  decrease  it.  Osterhout  (1913)  has  shown  this  in  the  ca.se  of 
Laminaria  by  conductivity  measurements.  It  is  to  be  noted,  however,  that  the 
decreased  permeability  is  the  reversible  one  and  not  associated  with  permanent 
injury  to  the  cellsi  so  tiiat  it  seems  to  be  the  normal  naroolao  efibct^  Fkirther 
facts  will  be  found  under  the  head  of  narcosis  below. 

A  point  to  bp  remembere<i  is  that  it  is  not  to  a^ssumed  that,  when  a  rell  is 
killed,  thc^  senu-permeabUity  of  its  membrane  is  necessarily  lost.  It  may  be  hxed 
in  some  way. 

A  oeU,  dying  naturally,  may  become  surrounded  by  a  tough  impenetnble 

membrane.    Fenard  (1890)  made  the  following  interesting  observation.  An 

Anio'lin,  while  living,  had  taken  in  the  egg  of  a  snnill  worm.  After  the  death 
of  the  Amwba,  the  egg  hatched,  but  the  worm  was  unable  to  escape  through  the 
surrounding  membrane. 

Heat^  applied  graduaUy,  destroys  the  semi^permeability  ol  the  membrane^ 
Even  at  40*  tiie  pigment  escapes  from  the  red  beet.  A  sudden  rise  of  temperature 
to  100'  appears  to  be  a  useful  fixing  method  for  certain  histological  purposes^  but 
what  its  etfect  on  the  membrane  may  be,  I  am  unable  to  state. 

THE  NATURE  OF  THE  MEMBKANB 

What  conclusions  may  we,  justifiably,  draw  from  the  vaEiouB  experimentel 
data  of  the  preceding.  pAgest 

In  the  first  place,  it  seems  certain  that  the  membrane  consists  of  substances 
in  the  colloidal  state.  The  marked  effect  of  electrolytes  shows  tlus,  especially  the 
fact  that  valency  plays  an  important  part. 

The  following  observations  of  Szucs  (1910)  on  the  diminution  «rf  the  permeability  of 
Spirog3rra  to  roeUiyl  violet  are  of  intereet.  In  order  to  produce  a  partacnlar  depth  of  stainina 
in  eight  minutes,  the  concentrations  r<"jniiod  were  of  potafi.siura  nitrate,  0'08  mui&r  ;  of 
calcium  nitrate,  0  04  laolur  ;  of  alumimuui  nitrate,  0*0000  molar.  It  will  bo  seen  that  the 
edKMt  is  in  relstaoo  to  the  valency  of  the  cstioo,  whiob  probacy  aots  in  a  oosgoUting  manner 


Digitized  by  Google 


THE  PERMEABILITY  OF  MEMBRANES  137 

on  the  ooUoida  of  the  cell  membnoe.  Another  important  fact  in  thia  oonneotion  is  that  blood 
corpuscles  are  mvoh  more  sensitive  to  saponin  when  suspended  in  isotonic  sodium  chloride 
than  in  isotonic  canc-sujii ,  as  found  by  Handov'sky  (l!-tl2,  p.  413).  For  example,  0*002 
per  oeat.  saponin  prodaced  98  per  cent,  biamolysis  in  the  former  oace*  but  only  20  per  cent., 
Wkdtar  tiiiilttr  eooaitioat,  in  the  latter.  The  wa^  in  whidh  thin  effect  is  produced  is  not  quite 
clear.  Although  saponin  iri  i  v  not  he-  in  colloidal  solution  in  water,  the  experiments  of 
Damanaki  on  molybaenum  oxide,  relerred  to  on  page  90  alxive,  suggetit  that  the  presence  of 
electroljrtes  may  mose  it  to  assunie  the  neoeaaar7aggregat«d  condition,  and  thus  theeleotrolyte, 
also  changing  um  ngn  itf  tho  ofaarge  on  tho  oocpaades,  may  facilitate  adaoiptioii  by  eleotancal 
means. 

In  the  second  place,  thei-e  are  reasons,  as  we  Imve  seen,  for  rejecting  tho 
hypoUiesia  of  a  membrane  consisting  of  a  simple  kind  of  substances,  lipoid  or 
protein,  alone^  and  for  r^rding  it  aa  a  complex  colloidal  ayatem  of  all  cell 
aonadtaents,  together  with  thoae  of  tiie  outer  liquid,  which  diminiah  the  surfaoe 

energy  at  the  interface. 

Lepeeohkin  (1911),  in  fact,  comes  to  the  conclusion,  as  the  result  of  an  elaborate  series  of 
experiments,  that  a  simple  mosaic  structure  of  lipoid  and  protein  is  not  a  satisfactory  hypothesis, 
but  that  a  cxjlloidal  coraplox  is  necessary.  Tho  effect  of  tho  addition  of  varying  proportions  of 
glycerol  or  castor  oil  to  the  collodion  oi  which  an  artificial  membrane  is  made  will  occur  to  the 
reader  (page  05  above).  The  fimetlon  of  lipoids  is  suggested  by  Lillie  (1912,  2,  p.  17)  to  be 
that  of  increaaing  the  stability  of  the  other  cnlloirls,  in  fact  as  a  protection  from  excessive 
aggr&gatjQD,  as  descrif>ed  in  the  preceding  Chni'i'  i-  pagt;  97).    See  ISewt<in  Harvey  (1915). 

Although  lipoids  must  enter  into  the  c»)iupo.sition  of  the  luenilirane,  it  seems 
erident  that  their  relationship  to  substances  which  are  supposed  to  be  '"lipoid- 
■olnble  is  not  that  of  aolvents,  in  whidi  case  the  laws  of  partitioa  would  be 
obeyed,  bat  rather  that  of  surfooe  adsorption,  owing  to  their  state  of  colloidal 
dispersiAn.  A  collf>idal  solution  of  lecithin  in  benzene  behaves  quite  differently 
from  one  of  benzene  in  lecithin,  that  is,  according  to  which  is  the  external  or 
continuous  phase  and  which  the  internal  or  dispersed  phase. 

Rohland  (1913)  gives  strong  evidence  that»  at  all  events  aa  regards  dyes 
and  enzymes,  permeability  is  not  a  question  of  solubility  in  the  membrane^ 
but  of  tho  dimensions  of  particles  or  molecules ;  that  is,  the  memlirfiiio  may 
be  look^  upon  as  a  sieve.  In  this  paper  a  full  account  of  the  Uteratui-e  on  the 
subject  is  given. 

An  important  point  to  remember  is  that  the  memhrone  must  not  be  looked  " 
upon  as  an  invariable  permanent  structure.   Its  pennea'biHty  can  be  changed 

by  reagents  applied  to  the  outside,  na  in  the  experiments  of  <  >sterhout,  where 
sodium  salts  make  it  permeable  to  the  Na  ion,  while  the  addition  of  calcium 
^establishes  the  normal  state  of  semi-permeability ;  other  cases  have  been  given 
above.    Functional  changes  of  the  cell  itself  are  also  associated  with  changes  in 

permeability,  as  will  be  shown  in  the  next  s-  tion.  If,  however,  we  look  upon  the 
cell  membrane  as  an  integral  part  of  the  protoplasmic  system,  as  locally  concen- 
trated constituents  of  the  cell,  this  behaviour  will  not  seem  so  difficult  to 
understand. 

PHENOMElfA  IN  WHICH  CHAKGES  OF  PEBMEABILIT7  OCCUR 

Supposing  that  the  cell  membrane  becomes  impermeable  to  substances  to 
which  it  was  previously  permeable,  what  efl^ts  may  be  expected  to  follow  f  We 
know  that,  in  a  reversible  reaction,  the  position  of  equilibrium  depends  on  the 
relative  concentration  of  the  constituents  of  the  system.  Such  a  reaction  will 
therefore  continue  to  take  place  in  one  direction  it  tho  products  are  allowed  tu 
escape  from  the  cell,  bnt^  if  the  membrane  becomes  impermeable  to  them,  the 
reaction  will  come  to  an  equilibrium  and  cease. 

T.ikc  tho  cjise  of  starch  or  glycogen  stored  ih  a  cell,  whii  li  i  l11  also  contains  mm  <'iizynio 
capable  of  causing  their  hydrolyBisi  tu  sugar  ;  if  the  nienibrauu  is  impermeable  to  this  sugar, 
thereootioa  soon  conies  to  an  end,  partly  on  account  of  the  back  reaction,  partly  because  the 
action  of  the  enzyme  is  more  or  less  paralysed  by  the  ficcnmnlation  of  the  products?  it^ 
activity,  as  wo  shall  see  in  Chapter  X.  But,  as  soon  as  the  products  are  allowed  to  escape 
snb,  the  reactioa  starts  afresh.  This  ooosidsration  applies  to  uiy  reversibls  reaotioa  taking 
pnoe  in  ths  celL 

From  the  powerful  aotioh  of  electrolytes  on  colloidal  systems,  such  as  that  of 
5A 
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protoplasm,  it  will  rcAflily  be  understood  how  important  are  changes  in  tb« 
permeability  of  the  ineuibraue  to  these  substances.   That  such  changes  oeear  !• 
indicated,  amongBt  other  facts,  by  the  experiments  of  M*Clendon  (1912,  2), 
found  in  excited  muscle  «n  increase  of  electiical  condttetivity,  an  index  of  increased 

permeability  to  ions,  such  aa  we  li.Tve  He»'n  to  liappen  in  Laminaria  under  the 
influence  of  substances  which  inereafje  liie  pui  meability  of  the  cells. 

It  might  be  Uiought,  perhaps,  that  the  separation  of  elpclrolytes  from  an  adsorbed  state, 
owing  to  diminntion  of  the  active  surface  of  the  colloids  in  tlio-cell  by  aggregatioo,  &« 
nuggested  by  Macdoiuikl  (1909,  p.  44),  \\f^:M  account  for  this.  But  we  know  that  the  cell 
nieoibrane  is,  under  uormal  conaitions,  impermeable  to  iontj,  and  acta  &a  a  non-conductor,  so 
tlMt  incroiocid  produetioQ  of  ions  inside  the  cell,  apart  from  increased  pennmbilily  of  tlw 
membnoe,  woiud  have  no  effect  <m  the  d,ectrioal  oooduotivitgr     the  tiasaeu 

Lillie  (1911),  aIks  has  brought  forward  evidence  to  show  that  all  agents  which 
cause  increased  permeability  of  the  cell  membrane  act  in  an  exciting  manner. 
This  is  very  noticeable  in  the  case  of  the  larva  of  Arenicola,  which  contains 
a  yellow  pigment  to  which  the  membrane  is  normally  impermeable.  When 
placed  in  pare  aodtom  chloride,  iaotonio  with  lea  water,  the  cells  become  tonically 
contracted,  while  at  the  same  time  pigment  leaves  them.  This  action  of  sodium 
chloride  is  prevented  by  calcium  or  magnesium  ions,  just  as  the  increased  per- 
meability of  Laminaria  produced  by  sodium  ions  is  prevented  by  calcium. 
Further  discussion  of  the  mechanism  of  muscolu'  contraction  will  be  found  in 
Ghi^tter  XIIL  One  interesting  consequence  may  be  noted  here.  If  the  state 
of  capability  of  being  excited  to  contraction  is  connected  with  the  semi-perm^bility 
of  the  membrane,  it  follows  that  when  this  state  is  changed  into  one  of  permeability 
the  cell  will  be  inexcitable  as  long  as  the  state  lasts)  hence  the  "refractory  period." 

Pfeflbr  (1873)showed  that,  in  the  moTements  of  the  tenmtifmfiUmtt  water  is  pressed 
out  from  the  cells  of  the  pul  v  i  nus.  A  loss  of  turgor  is  thu  k  caused,  perhaps  due  to  loss 
of  semi  permeability  and  therefore  of  osmotic  pressure.  lilacknian  and  Paine  (191  ^) 
show  that  there  is  decrease  in  the  o^^niofic  roiK-entratioii  of  tli<»  contents  of  the  csell. 

Narcosis, — There  is  a  group  of  substances  which  act  on  living  cells  in  such 
a  way  as  to  abolish  temporarily  those  actiyities  which  we  regard  as  manifeitalions 
of  liffr  These  are  called  " narcotics "  or  "anaesthetics."  Tho  former  name  means 
"making  numb"  or  paralysing,  while  the  latter  obviously  refers  to  abolition  <»f 
con.«?("ioiis  sensation,  so  that,  in  general  use,  the  former  is  used  to  apply  to  the 
aboiiUon  of  all  forms  of  protoplasmic  activity,  including  those  of  the  nervous 
system,  while  the  latter,  strictly  speaking,  should  refw  only  to  i  imiw  mhisiiimm 
But,  in  point  of  fact,  the  substances  themselves  form  one  and  the  some  graap  and 
the  names  are  frequently  use<l  interchangeably. 

As  first  pointed  out  by  Hans  Meyer  (1899)  and  by  Overton  0901),  in-  ! 
dependently,  the  intensity  of  the  narcotic  action  of  a  substance  Btands  in  relation 
to  its  partition  coefficient  between  fats  or  lipoids  and  watery  liquids ;  the  more  | 
soluble  it  is  in  the  former,  the  greater  its  effect,    ^ow,  although  this  fact  shows 
how  a  narcotic  obtains  access  to  the  interior  of  a  cell,  it  does  nothing  more  in  , 
explanation  of  its  action  than  to  suggest  that  it  is  in  some  way  everted  on  the  ' 
boundary   membrane.    As  pointed  out  above,  the  greater  solubility  in  the  ' 
membrane  would  only  entail  a  greater  degree  of  ac^Tity  if  this  were  due  to  ioms 
direct  action  on  the  membrane  itsdf.   The  concentration  in  the  water  phase  of 
the  cell  would  not  be  increased  by  mere  increase  of  solubility  in  the  membcane  i 
alone. 

What  evidence,  then,  have  we  as  to  the  action  of  narcotics  on  the  permeabiiiiy 
of  this  membrane? 

As  pointed  out  by  Lillie  (1912,  1),  the  property  of  reuflering  cells  temporarily 
irresponsive  to  stimuli  belongs  to  tho  most  diverse  classes  of  chemical  compounds.  ' 
The  action  of  isotonic  cane-sugar  on  muscle  (see  page  125  alxjve)  may  be  mentioned 
At  the  same  time,  Uie  particular  group  known  as  "  auuisthetics,"  excellence, 
such  as  ether,  chlorofonn,  alcohol,  etc.,  are  characterised  by  special  aotivity  of 
this  kind,  which  seems  undoubtedly  to  be  connected  with  lipoid  solubility.  Ob  \ 
the  r.tli  r  hand,  the  mere  fact  of  lipoid  solubility  does  not  make  a  substMioe  an 
ancesthetic. 
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For  example,  capry]  alcohol  is  a  powerful  aniestlietic,  ita  "  critical  concentration"  (Overton) 
Ivcin^'  0  0004  molar,  compaml  with  tthyl  aleolud  ut  0  .1  molar,  that  is,  it  is  750  times  a??  powerful 
a-~  elhyl  alcohol.  But  hn'nzenc  is  ft  very  poor  ana'sthetic,  although  its  lipoid  solubility  is  as 
great  a.s  that  of  capryl  alcohoL  The  fact  that  benzono  is  only  slightly  soluble  in  water  does  not 
Account  for  the  fact,  since,  according  to  Rothmund  (1907i  p.  76),  it  is  aoluble  in  water  to  the 
extent  of  1*4  parte  in  2,000,  while  capryl  alcohol  ie  only  eolnble  to  the  extent  <tf  1  part  in  2,000. 

If  lifibid  solubility  were  the  only  conditioii  making  a  particular  substanoe 
a  narcotic,  it  would  be  expected  that  the  greater  the  lipoid  conteat  of  an  organ, 

the  less  would  Ix)  ll)e  concentration  of  a  certain  narcotic  required  to  produce  itf? 
effect.  Although  tliis  applies  wlien  we  ronipare  the  central  nervous  sy«?t€m  with 
oliier  tissues,  it  has  been  shown  by  Choquard  (1913)  that  it  does  not  bold  in  the 
case  of  the  heart  muscle  and  skeletal  musde.  Tb»  former,  according  to  Erlandsen 
<.1907),  is  considerably  richer  in  lipoids  than  the  latter  and  should  ther^ore  be 
n^.oro  <;r'n<;itive  to  all  lipoid-solable  narcotics.  Oboqaard's  experiments  shov 
nunaerous  exceptions. 

We  turn  now  to  experiments  with  regard  to  the  effect  of  anesthetics  on 
permeability.  According  to  lillie  (1911),  there  is  a  general  parallelism  between 
the  effect  of  agents  in  producing  a  state  of  excitation  and  their  power  of 
increasing  the  permeability  of  the  cell  membrane.  Tf  this  is  so,  we  should  expect 
the  opposite  effect  on  the  ni»mhrane  to  be  pitxiuced  by  narcotics,  which  abolish 
tho  excitability.  LUlie  hunsclf  (1912,  2)  has  shown  that  the  action  of  sodium 
chloride  in  causing  excitation  in  the  Arenicola  larva,  along  with  escape  of  pigment, 
is  prevented  by  ether,  alcohol,  chloroform,  and  chloretone.  He  draws  the  OOU' 
'^lusion  that  the  characteristic  effect  of  tlie.se  .sub.stances  is  produced  by  nn 
action  on  the  cell  membrane,  making  it  more  resistant  to  the  action  of  Bubstances 
which  tend  to  increase  its  permeability.  Although  Upoid-soluble  anaesthetics 
enter  the  cell  immediately,  the  fact  mat  magnesium  chloride  is  a  powerful 
anaesthetic,  although  it  enters  the  cell  with  extreme  slowness,  indicates  that 
t'oe  effect  is  e.s>?entially  on  the  boundary  membrane  itself.  Furtlier  evidence  of 
! lie  8ame  nature  is  given  in  the  experiments  of  Osterhout  (1913)  on  Laminaria. 
In  ether  of  1  per  cent.,  the  electrical  resistance  of  the  cells  rises^  showing  a  decrease 
of  permeability  to  salts,  in  3  per  cent.,  after  a  prsliminary  rise,  the  resistance 
fMt  and  the  tissue  is  killed.  After  exposure  to  1  per  cent,  ether,  recovery  is 
complete  ;  since  recovery  is  n  di.stinctive  mark  of  atu».\sthetic  action  proper,  it 
is  reasonable  to  hold  that  it  is  the  diminution  of  permeability  which  is  associated 
with  this  effect. 

As  to  the  way  in  wbioh  the  state  of  the  lipmd  oonstitaents  of  the  nieaihrane  is  modifiedt 

we  are  as  yet  in  the  dark.  A  purely  solvent  action  is  pri'duded,  sijice  the  lipnirl.s  would  be 
washed  away  and  the  state  be  irreversible.  'J'iijs  has  Ujen  pointed  out  by  Overloa  U^Ol, 
p.  51).  There  is  no  evidence  that  the  state  of  colloidal  diepersion  of  the  lipoid  is  altered, 
tluit  is  as  rcgnrtls  tho  nuinhfr  of  p<'irti<k's.  Lillio  holds  (1912,  1,  p.  395)  that  tht'  lipoid 
[tarticles  must,  iucrease  in  size  by  taking  up  the  ansesthetic.  In  fact,  Calugareanu  (IWIO. 
p.  100)  has  seen  this  to  ooonr  in  lecithin  suspensions  when  ether  or  chlocoioirm  is  added. 
It  is  evident  that  fuch  a  proves.'?  would  tend  to  decrease  thL-  interstices  or  pores  of  the 
merobrant',  if  sxnAi  a  sieve  liku  structure  be  accepted,  and  ttiat  it  would  be  reversible. 
According  to  Loowe  (1913),  narcotics  change  lipoidH  from  lyophile  into  lyophobe  colloids  by 
surronnduig  then  with  an  impermeable  layer.  Henoe,  suoh  agents  would  diminish  perme- 
ahllity  BO  fir  as  the  water  In  the  colloidal  particles  acted  as  a  solvent,  or  carrier  fat  solutes. 
No  excitation  would  be  possible  in  this  state,  Wcause  the  membrane  cannot  be  inado 
permeable.  It  is  found,  in  fact,  experimentally,  Uiat  narcotics  lower  permeability.  Are  the 
lipoid  partides  robbed  of  tbeir  water  or  not?  The  decrease  of  permeability  indicates  the 
latter,  for  otherwise  they  would  shrink  and  allow  more  watery  space  for  diffusion.  On 
the  other  hand,  the  irreversible  increase  of  permeability,  leading  to  death,  may  well  be  due 
to  actual  dissolving  away  of  the  lipoids.  The  investigations  of  Czapek  (1911)  have  ^hown 
that  there  is  a  rlose  parallelism  between  the  power  of  the  various  alcohols  in  killing  cells  and 
tbeir  power  of  lowering  surface  tensiua.  As  already  mentioned  (piige  52),  when  the  surface 
tension  at  the  cell  memorane  is  lowered  to  a  certain  degree,  death  results.  This  phenomenon 
is  ondoubtedly  connected  with  the  various  degrees  of  lipoid  solubility  shown  by  the  series 
of  alcohols.  It  is  diffictdt  to  say  whether  the  siurface  tension  as  such  plays  any  important 
psTt. 

There  is  no  doubt  that  ad.sorption  of  active  substances,  including  narcotics,  by 

the  constituents  of  the  cell  membrane  mnst  plav  a  mnsidorjiMe  part,  and  indeed 
t^traub  (1912,  p.  11)  regards  the  adsorption  theory  as  the  most  satisfactory  one 
iu  respect  to  alki^oids. 
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An  experiment  by  Cahigareanu  fl910,  p.  101)  shows;  tiifit  Iwitliin  does  not  distribute  itaelf 
b«tw<jen  water  and  ohloTOturm  according  to  the  usual  rules  of  relative  solubilitj.  li  chloroform 
be  shaken  up  with  M  equal  volume  of  a  0*5  per  cent,  watery  lecithin  ''Mltttioo,**  instead  of 
the  lecithin  being  Rxtrarsted  by  lh«  chloroform,  in  whi -li  i*  is  greatly  more  sohihle*  than  in 
-water,  what  happens  is  that  the  chloroform  layer  only  ooniains  8  pur  cent,  of  the  total  lipoid 
preaent,  the  redt  is  still  present  in  the  wataiy  ^phase,  but  has  taken  up  50  per  ceot.  of  thcr 
chloroform.  No  doubt  this  behaviour  is  connected  wiUi  the  state  of  the  lecitbia  M  «li  emolaotd 
colloid,  especially  in  presence  of  chloroform. 

It  is  scarcely  .necessary  to  remark  that,  as  yet^  it  is  not  possible  to  expl&m 
satis&etorily  why  changes  of  permeability  should  give  lise  to  the  Tariotia 
phenomena  comMOted  with  the  state  of  excitation  <Hr  of  narcosis ;  further 

investigation  is  required  and  it  soems  probable  that  a  more  intimate  knowledge 
of  the  electrical  coiuiitions  of  the  surface  of  the  cell  will  give  valuable  informatioix. 
We  have  seen  (imge  120)  how  the  impermeability  of  the  membrane  to  one  only  ci 
the  ions  of  a  salt  prevents  the  esoape  of  the  other,  diffusible,  ion,  giving  rise 
to  a  difference  of  potential  between  the  two  sides  of  the  membrane,  ana  how 
this  can  be  changed  by  the  presence  of  salts  of  which  both  ions  are  <Hff\isil>1e. 
But  whetiier  such  changes  in  the  polarisation  of  the  membrane  are  sufficient 
to  aocottnt  for  the  change  in  permeability,  as  lillie  appears  to  hold,  or  whetber 
the  change  in  permeability  is  itself  the  primary  factor,  will  come  np  for  discossion 
later  in  Chapter  XIII. 

The  effect  of  the  suhstanct-s  to  wliirh  Armstrong  (1910)  has  applied  the  nume  "  liorn»>>n«.->  " 
is  clearly  allied  to  the  increase  of  t>ermeiibiltty  produced  b}'  fatal  quantities  uf  anaesthetics. 
These  "  hormones "  are  lipoid-soluble  and  coinciae  very  closely  with  those  suhstatices  wht^ 
are  known  to  abolish  the  f^t^mi  pernieHbility  of  tlie  mi  niVinino,  "^nch  as  ether,  alcohol,  toluene, 
etc.  Their  maui  obvious  action  is  to  set  up  an  enzytiiic  prucess  which  was  previously  m 
ab^SDCo,  such,  for  example,  as  the  action  of  ennnlsiii  in  the  leaf  of  the  cherry-laurel  on  a 
cyanogenotic  glucoside  also  present.  This  is  regarded  by  Armstrong  as  being  due  to  an 
exciting  action  on  the  part  of  the  "  hormone"  after  entering  tlw  cell ;  but  it  seems  to  iim  thikt 
it  falls  oetter  into  line  with  other  similar  prooessc*  if  it  i>e  looked  upon  as  due  essentially-  to 
the  removal  of  some  Buoh  obetaole  m  that  ol  a  membranet  which  prevented  the  aooeae  of  th« 
enzyme  to  the  glncoeide. 

Hamolynt  is  of  two  kinds.  One  in  whidi  the  sor&oe  membrane  of  the 
corpuscles  is  acted  on  by  various  httmolytic  agents,  sndi  as  saponin,  the  other 

in  whicli  the  corpuscle  is  broken  up  bv  osmotic  swelling,  as  in  the  action 
of  water.    Substances  acting  on  lipoids  produce  the  first  effect j  hypotonic 

solutions,  tlie  second. 

Ryvosh  (1913)  holds,  with  Hamburger,  that,  in  hauiolysis  by  hypotonic  solutions,  the 
meoHDrane  is  not  destroyed,  but  merely  sti'etched  to  such  a  degree  that  the  pigmeut  oan 
eeoape.  The  ground  for  this  view  ia,  that,  after  treatment  with  water,  or  with  0*3  per  cent, 
sodium  chloride,  although  the  relative  volume  of  the  deposit,  after  ceiitrifuging,  is  0*2  in  the 
first  case  as  agiinst  U  s  in  the  sccoti'l,  yet,  on  placing  in  2  pi-r  cent,  srxlium  i  hlohde  aad  a>gaiQ 
centrifuging,  the  volumes  became  practically  equal,  0*2  to  On^d.  That  ia,  although  the 
corpuscles  wvre  greatly  swollen  in  0*3  per  oent.  lodinm  chloride,  they  conld  stiU  oontnet 
iiri(hT  the  innuenot^  of  >\  hypt^rtonic  soltttiott,  showing  that  they  retained  tiietr  seaii- 
periJitahilit y  i^s  regards  sodium  chloride. 

Further  details  are  beyond  the  space  at  our  disposal  and  may  be  obtained 
from  the  general  snmmaiy  by  Stewart  (1909). 

Secretion. — It  is  clear  that  constituents  formed  in  gland  cells  must  leave 
these  cells  by  the  side  turned  towards  the  lumen  of  the  alveolus  in  connection 
with  the  duct.  Apart  from  the  actual  chemical  processes  in  connection  with 
secretion,  to  be  described  in  a  subsequent  chapter,  changes  in  the  permeability 
of  the  ceAl  membranes  must  be  taken  into  account.  Yarioos  researches  by 
Asher  and  his  co-workers  have  hroaght  out  a  number  of  facts,  interestiii^  in 
this  connection.  It  is  well  known  that  atropine  has  the  property  of  stopping 
the  activity  of  secreting  cells  in  general,  and  Garmus  (1912)  shows  that,  under 
the  action  of  Uiis  alkaloid,  the  cells  of  the  glands  of  the  frog's  &kin  take  up  less 
dye  than  normally.  There  is  no  reason  to  suppose  that  the  actual  atauiable 
material  is  diminish^f  so  that  the  result  must  be  ascribed  to  a  diminatu>a  of 
permeability,  especially  as  pilocarpine,  which  excites  tlie  cells,  has  the  opposite 
eflTcrt  on  stainins:.  We  saw  previously  that,  in  the  excited  muwle  cell  tliere  is 
also  an  increase  of  permeability.    It  has  been  shown  by  JStraub  p.  22) 

that  the  action  of  atropine  in  antagonising  that  of  muscarine  on  the  heart  ia 
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<1ii»'  to  the  diminafcion  fA  penaeability  towards  miucarine,  brought  about  by 

atrupino. 

The  ^V<3rt;«  Sxfnapse. — According  to  the  view  advocated  by  6herrmgton  (190G, 
pb  16)  the  oommunicatioii  of  a  nerve  impulse  to  tiie  cell  body  of  another  neurone 
takes  place  across  a  membrane,  the  "synajptic  membrane."  It  ia,  therefore,  owing 
to  changes  in  the  permeability  of  this  membrane  tlmt  impulsps  are  allowed  to 
pa«5!«  or  not.  Whatever  may  be  the  fietnal  chemical  substance  that  diti'uses 
through,  or  whether  only  a  physical  proceai*  is  involved,  there  is  every  probability 
that  the  ions  of  dissociated  salts  play  a  large  part  in  the  transmission  of  nerve 
processes,  so  that  it  is  a  matter  of  importance  to  see  what  kind  of  action  may 
be  looked  for.  * 

We  have  m  yet  very  little  direct  evidence  on  the  question,  but  there  are  some  obaerva- 
tioM  whfch  sre  of  intere«t.     Looke  (18M)  found  thst  inmersion  of  the  Murtorhn  niuele 

of  the  frr;^-  ir  OT  pr r  >  <  ;it  s  xlium  chloride  had  the  effect  of  preventing  the  mut^flo  from 
contracting  wUcu  the  nerve  U>  it  was  excited,  although  its  direct  excitabihty  waa  not  aboUshed 
axkd  the  emet  was  not  produced  if  the  nerve  alone  were  immersed.  Aoditim  of  traoee  of 
c&lciam  salt  to  the  i^olution  restored  the  normal  ptate.  Accordinc  to  Overton  (1904,  p.  280), 
reflex  exoitabiHty  in  lout  in  the  abeence  of  calcium  trom  the  centr^  nervous  sjstem  and  one  is 
obviously  reminded  of  the  Mtioa  of  ealdam  salts  on  colloids.  Whether  the  synaptic 
TTierubrane  requires  to  he  more  or  less  semi -permeable,  in  the  osmotic  sense,  in  order  to  permit 
tiio  excitatory  process  to  pai$s,  cannot  be  answered  until  we  know  more  as  to  the  nature  of 
thiSlHKMMeB. 

Certain  iacts  to  he  descrihed  below  widi  respect  to  reciprocal  innervation  in 

reflex  action  are  made  more  explicable  if  we  could  imagine  a  membrane  permeable 
to  certain  ions  in  one  direction  only.  There  is  some  evidence  that  the  skin  of 
the  frog  is  permeable  to  sodium  ions  from  without  in,  but  not  from  within  out. 
The  moat  satisfactory  evidence  seems  to  be  that  the  skin  acts  as  a  rectifier  for 
alternating  currents,  that  is,  it  allows  the  one  part  of  the  period,  in  which  the 
current  is  flowing  in  one  direction,  to  pass  through  more  easily  than  that  in 
wliich  the  current  flows  in  tlie  opposite  direction  (Bayliss,  1908,  p.  235). 

This  result  would  ali»u  be  ouuimed,  as  Huber  jublly  points  out  (1911,  p.  if  the  cell 
membrane  on  the  inner  side  of  the  skin  were  permeable  to  one  only  of  Uie  ions  of  the  salt.  I 
found,  in  fact,  that  similar  phenomena  ere  shown  by  a  system  ooneUting  of  a  solution  of  Congo- 
red  inside  a  parchment  paper  membrane,  which  is  permeable  to  the  sodium  ion  of  the  salt  only. 
8ince  &  current  can  only  pass  continuously  wlicn  a  quantit\-  of  positive  ions  can  pajis  to  the 
negative  pole  espial  to  the  negative  ions  passing  to  the  poaitive  pole,  it  follows  that,  if  the 
positive  pole  is  ontsifde  the  membrane,  which  is  impermeable  to  the  negative  ions,  these  can 
never  get  to  the  fKisitive  electrode  outside  at  \\\\  ;  while,  if  this  electrode  is  on  the  same  side  o! 
the  membrane  as  the  anions,  so  that  they  cau  reach  it  without  hindrance,  the  current  will 
PMS  resdily,  hscanse  tiis  oataoos  osq  psas  throui^  the  nembcaae. 

It  does  not  seem  necessary,  thecef ore,  to  assnme  an  ♦rrsoyrowrf  jMrmsafri^ity, 
which  is  difficult  to  conceive.  In  any  case,  it  would  only  be  possible  in  the 
case  of  a  living  membrane,  to  which  energy  wa'^  being  supplied  by  cell  activity. 
Otherwise,  there  would  be  a  spontaneous  diflerence  of  potential  kept  up  between 
the  two  sides  of  the  membrane  and  the  possibility  of  a  perpetual  motion  machine. 

/ereiftMrfton  <^lht  Egg  (7«{|.— In  this  process,  it  has  bMn  shown  by  M*CIendon 
(1910,  p.  266)  that  the  membrane  hecomes  considerably  more  permeable  to 
electrolytes,  evidenced  bv  the  increase  of  e1ef^trir;il  cKrHluctivity  of  a  mass  of 
eggs  of  the  sea  urchin  on  fertilisation.  There  is  other  evidence  of  increa4»ed 
permeability  in  the  escape  of  pigment  observed  by  LiUie,  who  regards  the 
essential  element  in  the  artificial  segmentation  under  the  influence  of  certain  salts 
as  an  increase  in  the  permeabili^  ol  the  cell  membrane       also  Lillie,  1917). 

Gray  (1913,  1916)  found  diminution  of  electrical  resistance  in  Echinus 
the  process  of  fertilisation,  followed  by  return  to  or  towards  tlie  normal. 

Th»  Fgrmeability  of  <As  Bhod  Veueh, — ^It  is  plain  that  all  substances  necessary 
for  the  nutrition  cells  and  all  those  produced  by  the  cells,  so  far  as  they 
pass  into  the  blood  stream,  have  to  pass  through  the  wall  of  the  capillaries  (except, 
perhaps,  in  the  case  of  the  liver — .Schflfer,  1002).  Some  of  these  substances  are 
in  the  colioid&i  state,  and  therefore,  unless  the  cells  are  permeable  to  colloids, 
which  does  not  seem  probable,  these  colloids  must  escape  between  the  cells,  by  a 
process  like  l^t  of  filtration.  This  question  will  come  up  for  discussion  later, 
hot  it  may  be  ronarked  here  that^  as  far  as  the  blood  proteins  are  oonoemedt 
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evidence  already  referred  to  (page  107  above)  indicates  that  they  do  nofc  serve  for 
the  natrition  or  cells.  On  the  other  hand,  uio  permeability  of  the  capillary  wall 
may  let  through  proteins  in  pathological  conditions.  In  dropsy  the  continuous? 
flow  of  Ivtnph,  which  is  obtaine<^?  from  a  canula  in  the  subcutaneous  tissue,  contains 
protein  and  must  have  been  filtered  from  the  blood  capillaries.  Normally,  the 
blood  vessels  are  impermeable  to  colloids' (see  F.  H.  Scott,  1916). 

PHENOMENA  DUE  TO  ACTION  ON  THE  CELL  MEMBRANE  ITSELF 

I 

There  are  many  substances  which  exercise  a  powerful  action  on  cell  processes,  { 
hut  which  eaa  be  moTed  in  ootain  oases  not  to  enter  the  oell  at  all,  and  in 
other  cases,  although  they  do  enter  the  oell,  diey  exercise  no  action  aft«r  having 

obtained  entrance.  i 

One  of  these  cases  has  been  referred  to  in  another  connection,  viz.,  the  experi- 
ments of  O.  Warburg  (1910,  p.  313)  on  the  action  of  alkalies  on  the  oxidation 
processes  in  tiie  developing  egg  of  the  sea  urchin,  in  which  it  was  found  that  the 
consumption  of  oxygen  could  be  doubled  by  the  addition  of  Tny  small  amounts  of 
sodium  hydroxide  to  tlie  sea  water  in  which  the  cells  were  immersed.  Ammonium 
hydroxide,  on  the  other  Itand,  produced  scarcely  miy  ctTect.  By  previously  stain- 
ing the  cells  with  neutral  red,  it  could  be  shown  tiiuL  no  sodium  hydroxide  entered 
the  cell ;  whereas,  if  ammonium  hydroxide  was  used,  a  ^apid  change  of  the  dye  to 
yellow  ^wed  that  the  alkali  had  entered  the  ccdl.  The  action  of  alkau  on 
oxidation  roust,  therefore,  be  exerted  on  the  cell  membrane  itself. 

ThQ  following  observations  of  the  same  experimenter  (1911,  p.  425)  are  of 
interest  in  several  ways.  The  young  red  blood  corpuscles  of  the  goose  are 
distinguished  by  considerate  consumption  of  oxygen.  This  process,  uuike  that 
of  the  ses  urchin  eg^s,  is  not  aflbcted  by  salts.  If,  however,  the  oell  membrane  is 
destroyed  by  careful  freezing  and  thawing,  which  does  not  affect  the  total  con- 
sumption of  oxygen,  then  tlie  process  becomes  sensitive  to  salts,  esju'ciaHy  to 
barium  chloride.  The  unavoidable  conclusion  is,  that,  as  long  as  the  membrane  is 
intaet»  barium  <^loride  oannot  enter.  In  those  eases  in  which  it  prodnoea  its 
eflbct  on  the  intact  cell,  it  must  do  so  by  intermediation  of  the  membfane^  since 
it  cannot  pass  any  further. 

Newton  llarvey  (1911,  p.  546),  working  on  Paramftcxum^  found  that  the 
action  of  sodium  hydroxide  on  the  changes  in  behaviour,  the  formation  of  vesicies, 
ce88ati<m  of  movement^  and  final  deatii  were  all  produced  without  the  entrsaoe  of 
the  alkali  into  the  oell  substance.  The  same  investigator  later  (1913),  in  a 
special  series  of  experiments,  showed  that  the  metfaml  used  was  free  from 
objection. 

The  experiments  of  Bethe  (1909)  on  Medtme  showed  that  acids  had  an 
accelerating  action  on  their  movements^  although  no  change  of  dye  indicator 
within  the  cells  occurred. 

An  experiment  of  Overt<in's  (1904,  p.  202)  shows  that  the  action  of  potassium 
on  muscle  is  also  on  the  surface  only.  A  sartonus  muscle  is  transferred  from 
Hinger's  solution,  through  6  per  cent,  cane-sugar,  to  2  per  cent,  potassium  tartrate, 
in  which  no  change  of  weight  takes  place,  slwwing  l^at  the  oeUs  are  completely 
impermeable  to  the  salt,  since  the  solution  is  isotonic  with  tlie  cane«ugar.  Never- 
theless, the  muscle  is  totally  paralysed.  On  placing  in  Ringer's  solution  again, 
the  excitability  is  quickly  regaine<l.  This  latter  fact  confirms  the  view  taken  of 
the  action  of  the  potassium  salt  as  being  on  the  cell  membrane,  since,  if  it  had 
penetrated  into  the  interior,  it  is  difficult  to  understand  how  it  oould  pass  out 
agun  with  -such  rapidity. 

Overton  also  showed  (1902,  2),  as  will  be  remembered,  that,  if  all  the  sodium 
chloride  be  washed  out  of  a  muscle,  it  becomes  inexcitable  untU  more  sodium 
chloride  is  supplied.  Now  Fahr  (1909)  states  that  the  only  satisfactory 
explanation  of  the  results  of  his  experiments  is  that  the  muscle  cells  themselves 
normally  contain  no  sodium  at  all.  But  since  sodium  is  necessary  for  their  activity, 
it  follows  that  it  must  act  on  the  membrane,  as  this  is  the  only  part  of  the  okk 
with  which  it  comes  into  relation. 
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Conclusions  of  the  same  kind  are  drawn  by  Straub  (1912,  p.  14)  with  regard  to 
the  action  of  calcium  on  the  heart  muscle,  which  is  impermeable  to  this  substance. 
Fig.  46  illustrates  this  point.  In  the  tracing,  the  first  three  beats  are  under  the 
action  of  Ringer's  solution  containing  sodium,  potassium,  and  calcium.  At  the 
signal,  the  solution  is  suddenly  changed  for  a  similar  one  without  calcium.  It  is 
seen  how  the  want  of  calcium  is  shown  in  the  first  beat  succeeding  the  change. 
At  the  end  of  the  signal,  the  normal  Ringer's  solution  is  replaced,  with  its  action 
on  the  very  next  beat.  Straub  reckons  that  the  effect  must  be  manifested  in  less 
than  O'l  second.  It  is  to  be  remembered  that  the  interior  of  the  cells  contain 
calciun),  which  could  not  diffuse  out  by  the  time  at  which  the  action  of  a  calcium- 
free  solution  is  manifest.  The  calcium  could  merely  be  removed  from  the  outer 
surface  of  the  cells. 

The  experiments  of  the  same  investigator  on  the  effect  of  muscarine  on  the 
heart  of  Aplysia  (1907)  have  already  been  described.  When  this  organ  is  allowed 
to  lie  in  a  small  quantity  of  a  solution  of  the  drug,  it  is  noticed  that  the  effects 


Flo.'  46.  Effect  on  the  froo's  heart  or  depriva- 
tion OF  CALCIUM.— The  first  three  beats  are 
normal  in  Ringer's  solution  (which  contains 
calcium).  At  the  beginning  of  the  white  space, 
this  solution  is  suddenly  changed  for  one  other- 
wi.se  similar,  but  from  which  the  calcium  ha« 
been  omitted.  The  effect  is  shown  at  once  on 
the  first  beat  after  the  change.  At  the  end  of 
the  white  space,  the  normal  solution  is  replaced, 
with  an  immediate  effect.  Time  in  seconds. 
Note  that  less  than  0*1  second  is  required  to 
*  affect  the  musolrt  cells,  so  that  the  action  must 

be  exerted  on  the  colloidal  system  of  the  cell 
membrane.  This  is  the  only  part  of  the  cell 
which  oould  be  deprived  of  calcium  with  such 
rapidity. 

(Straub.) 

of  the  poison  are  only  seen  while  there  is  a  particular  concentration  of  it  left 
in  the  solution  ;  the  heart  then  recovers,  although  it  is  found  that  muscarine 
has  been  stored  inside  its  cells  and  remains  there.  It  is  plain  that  the  effect 
was  only  to  be  seen  while  the  poison  was  in  the  act  of  passing  through  the 
membrane,  so  that  it  must  be  supposed  that  it  leaves  the  membrane,  and  passes 
into  the  cell  substance  as  soon  as  there  is  less  than  a  certain  minimal  concentra- 
tion in  the  outer  liquid. 

Somewhat  similar  results  were  obtained  by  Neukirch  (1912)  with  the  action 
of  pilocarpine  on  the  excised  small  intestine  of  the  rabbit,  immersed  in  warm 
oxygenated  saline  solution.  Tlie  addition  of  pilocarpine  to  this  solution  causes 
a  great  increase  of  tonus,  which  slowly  decreases  but  does  not  disappear,  even 
in  several  hours.  But,  if  the  pilocarpine  .solution  be  changed  for  fresh  saline, 
a  second  increase  of  tonus  occurs  as  the  alkaloid  diffuses  out  from  the  cells  into 
the  saline.  A  remarkable  fact  is  that  if,  as  soon  as  this  tonus  has  developed,  the 
pure  saline  be  exchanged  for  the  original  pilocarpine  saline,  so  that  diffusion 
ceases  on  account  of  equality  of  concentration  inside  and  outside  of  the  cells,  the 
tonus  also  disappears.    It  soems,  then,  that  in  this  case,  the  actual  presence  of 
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equally  concentrated  solntiona  of  the  alkaloid  on  both  sides  of  the  membrane  ia 
of  no  effiMt  or  a  minimal  one.    The  characteristic  effect  is  manifested  cuily  while 

the  druj»  is  in  the  act  of  passing  through  the  membrane. 

As  long  as  we  remember  that  the  cell  membrane  is  a  modifiable  part  of  the 
ceU  system,  the  various  facts  described  above  need  not  caiue  enipriseu 

PERMEABILITY  TO  SOLIDS 

The  phenomena  of  phagocytosis,  and  of  digestion  in  protom  genenlly,  show 
that  solid  particles  are  able  to  enter  the  cell.    In  secretion,  again,  we  find  that 

solid  products  sometimes  leave  the  cell.  This  takes  place,  in  all  probability,  by  a 
process  similar  to  that  by  which  a  neerlle  can  be  dropped  through  a  soap  film 
without  breaking  the  film,  which  completes  itself  over  the  end  of  the  needle  as 
it  passes  throngh.  ^e  &ct8  are  not  inoomprehensible  on  the  hypothesis  thai 
the  cell  membrane  is  a  local  concentration  dne  to  the  action  of  surface  fOTOes^ 
although  it  would  be  so  if  the  membrane  were  a  fixed  solid  layer.  In  the  latter 
case,  a  hole  would  be  formed  ii  a  solid  entered  the  cell. 

SUMMARY 

Since  prot^jplaijm  .has  the  properties  of  a  liquid  and  can  also  be  shown  to 
contain  free,  uncomfained  salts,  there  must  be  some  means  by  which  free  difiiiaoii 
between  the  cont^ts  of  a  cell  or  organism  and  the  snrroimdiDg  morftnwi  |s 
oontrolled. 

There  is  every  reason  to  suppose  that  the  regulation  of  the  passage  of  sulwtanccs 
between  the  inside  and  outside  of  a  cell  is  efiected  by  means  of  a  film  or  membrane. 

The  membrane  of  the  cell  must  allow  water  to  pass  freely,  but  hold  back 
di>i:^'Olved  substances.    Such  a  membrane  is  known  as  a  semi-^rmeable  one. 

Artificial  membranes  can  be  made  of  various  degrees  of  jpermeability ;  thus, 
some  will  only  hold  back  colloids,  others  will  allow  certain  ctystalkiidi  to  pasa^ 
but  not  sugar,  and  so  on. 

Difierent  views  are  held  as  to  tiiat  property  of  a  membrane  which  makes  it 

permeable  to  some  solutes  and  impermeable  to  others.  Reasons  are  given  in  the 
text  for  accepting,  with  some  modifications,  the  onirinftl  sieve  theory  of  TranW, 
according  to  which  the  passage  of  a  solute  through  a  particular  membrane,  depends 
on  the  size  of  the  pores  in  the  membrane  in  relation  to  the  molecular,  or  particulate, 
dimensions  of  the  solute.  Tlie  hydration  of  solutes  must  be  taken  into  aooonnt 
In  a  few  cases,  the  question  of  solubility  in  the  substance  of  the  membrane  eppean 
to  play  a  part. 

The  protf  >]'lasmic  substance  of  the  cell  is  capable  uf  forming  a  new  membrane 
on  a  fresh  burtace.  The  substances  present  in  the  protoplasm  which  lower  surface 
energy,  and  there  are  a  large  number  d  them,  will  be  concentrated  at  the  interlace 
between  protc^lasm  and  eternal  phase^  and  some  of  them  may  be  coagulated.  In 
this  way  a  membrane  is  formed.  It  is  to  be  noted  that  tD«  cell  membrane  is, 
accordingly,  an  integral  part  of  the  cell  system,  and  capable  of  modification  with 
changes  in  tlie  composition  of  the  cell  contents. 

Tn  this  way  a  dithculty  is  overcome.  If  the  cells  are  always  impermeable  to 
buch  bolutes  as  sugar,  amino-acids,  and  salts,  how  is  growth  to  take  place  or  the 
functions  of  the  cdU  to  be  performed  \  We  must  oondnde  tliat  the  permeability  of 
the  membrane  is  not  always  the  same;  a  fact  which  is  also  demonstrated  ly 

experiment. 

The  difficulty  alluded  to  has  caused  certain  investigators  to  deny  altogether  the 
existence  of  a  semi  permeable  membrane  covering  the  cell  protoplasm.  Evidence 
of  various  kinds  is  given  in  the  text,  which  shows  that,  in  the  condition  in  which 
cells  are  usually  met  with,  they  are  actually  impermeable  to  crystalloids. 

This  evidence  consists  in  the  permanent  change  of  volume  which  cells  undergo 
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mider  the  action  of  yarions  diaaolved  crj^stalloids,  in  the  difference  between  the 
concentration  and  nature  of  crystalloids  in  the  interior  of  the  cell  and  in  the  enter 

in«>'lium|  and,  Kistlv,  in  the  resistance  op]'"'e<]  In-  livinf,f  tfll^  to  tlip  passage  <rf 
electrical  currents,  notwithstanding  the  fact  tliat  thc^y  eontam  free  electrolytes. 

Althnu^jh  this  may  Ix?  regarded  as  the  usual  '-trtte  of  cells  at  rest,  their 
jpermeabiiiiy  may  be  altered,  without  killing  them,  and  therefore  reveraibly,  by 
the  action  of  various  substanoes  on  the  membrane.  Of  these  we  may  mention 
electrolytes  in  particular.  '  Narcotics  and  lig^jb  are  also  ^ound  to  have  an 

influence. 

The  chemical  nature  of  the  membrane  depends  on  the  constituents  of  the 
prot^pla:  in  wliich  lower  surface  energy.  fatty  or  lipoid  substances  possess  this 
power  in  a  marked  degree,  it  is  to  be  expects  that  the  membrane  will  manifest 
many  of  the  properties  ol  lipoids.  At  tne  same  time,  reasons  are  given  for  not 
accepting  the  view  that  the  cell  membrane  consists  of  lipoids  alone,  and  still  less 
that  it  consists  of  prot^'in  alone.  Tl;e  various  subst?)TT"<'s  of  wliich  it  is  composed 
exist  in  a  complex  colloidal  intermixture  io  a  more  intimate  connectioa  than  a 
mere  mosaic  of  lipoid  and  protein. 

It  appears  that,  as  a  general  rule,  it  may  be  stated  that  the  cell  membrane  is 
idwai/8  permeable  to  sn^tanoes  soluble  in  lipoids,  but  whether  this  fact  is 
essentially  due  to  the  solubility  itself  or  to  some  other  prc^rty,  such  as  surface 
tension  or  molecular  dimensions,  is  uncertain.  The  apparent  solubility  of  many 
dyes  and  other  substances  in  solutions  of  lipoids  is  not  a  true  solution,  but  a  surface 
adsorption  on  the  colloidal  particles  of  the  lipoid.  These  dyes  are  insoluble  in  the 
lipoid  itself.  As  reguds  substanoes  insoluble  in  lipoids,  the  permeability  of  the 
membrane  is  capable  of  variation,  so  that,  while  being  usually  im|)ermeable  to 
salt^  sugar,  etc.,  it  may  sometimes  become  permeable  to  them.  This  latter  fact 
necessitates  a  complex  structure. 

Various  instances  are  given  in  the  text  which  show  that  changes  of  yierniPHhility 
do  actually  take  place  in  functional  processes.  The  state  of  excitation  of  muscle, 
narooets,  secretion,  the  passage  of  the  nerve  impulse  from  one  neurone  to  another 
or  to  a  muscle  cell,  the  fertUuation  of  the  ovum  and  changes  in  the  walls  of  the 
blood  vessels  are  referred  to. 

Certain  cas^  are  Icnown  where  substance  produce  profound  changes  in  cell 
processes  without  passing  beyond  the  membrane.  The  action  of  alkali  on  the 
oxidation  process  of  sea  urchin  eggs  and  on  the  movements  of  medusae,  and  that 
of  potassium,  sodium,  and  calcium  ions  on  muscle  are  of  such  a  kind.  In  other 
cases^  tibe  substance,  muscarine  or  pUocarpin^  only  produces  its  effect  during 
its  passage  through  the  mraabrane. 

In  brief,  the  cell  membrane  is  a  local  concentration  of  constituents  of  the 
c*»ll  protoplasm  due  to  their  property  of  lowering  surface  energy  of  '^ome  kind. 
Substance  present  in  the  external  medium,  if  possessing  the  same  property, 
may  also  take  part.  The  properties  of  the  membrane  are,  therefore,  not  fixed, 
biit  capable  of  modification  according  to  the  ohmnical  procosaes  taking  place  in 
the  cell,  or  they  may  be  changed  by  influences  on  the  outside.  It  is  to  be 
regarded  as  ft  part  of  what  we  may,  for  the  present,  call  tlif  "living  systeni  " 
of  the  cell.  In  its  resting  state,  as  usually  investigated,  it  is  impermeable  both 
to  colloids  and  to  the  majority  of  crystalloids,  but  may  become,  temporarily, 
permeable  to  all  ciyttaUoida  and  perhaps  to  some  colloids. 
■% 
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CHAPTER  VI 

OSMOTIC  PRESSURE 

The  fact  that  the  metal  palladium  allows  hydrogen  to  pass  freely  through  it| 

v,  hil.^  refusini;  such  passage  to  nitrogen,  pnabled  Ramsay  (1894,  p.  206)  to  make 
ail  interesting  experiment.  A  vessel  of  palladium  was  filled  with  nitrogen  and 
connected  to  a  mercury  manometer.  It  was  then  immeinied  in  an  atmosphere 
of  hydrogen  and  ihe  mercury  was  seen  to  rise  steadily  in  the  manooietor.  Why 
did  this  nappen  7 

The  reason  is  that  hydrogen  passes  through  the  walls  of  the  vessel  until  its 
couceutration  or  pressure  becomes  equal  within  and  w^ithout ;  but,  as  the  nitnigen 
cannot  escape  to  give  room  for  the  hydrogen  which  enters,  the  amount  of  gas 
inside  the  closed  vessel  must  increase  and  the  total  pressure  rise. 

The  fact  oaa  also  be  shown  by  the  lue  of  a  iDeinl»«ne  of  water,  or,  rather,  a  parchment* 

eper  membrane  soaked  in  water.    Such  &  membrane  ia  freely  permeable  to  carbon  dioxide, 
Muae  the  gas  ia  aoluble  in  water,  but  almost  impermeable  to  oxygen  and  nitrogen.  It, 
therefore,  we  take  a  bell-shaped  vetMd,  and  tie  over  the  large  end  a  wait  psrohaieiit'peper 

membrane,  connect  the  int^Tior  to  a  manometer,  and  then  immprfl^  the  vessel  in  carbon 
dioxide,  the  pressure  will  rise  rapidly  inside  for  similar  reasons  as  in  the  case  of  hydrogen  and 
yeillfMlimn. 

Now  we  know,  by  what  is  usually  known  as  Dalton*s  Law^  that,  in  a  mixture  of 

gases  at  a  certain  pressure,  this  pressure  is  divided  between  the  different  gases  in 
proportion  to  their  relative  volumes,  or,  in  other  words,  the  total  pre-^^ure  of  a  mix- 
ture of  gases  is  equal  to  the  sum  of  the  pressures  which  each  alone  would  exercise 
if  it  alone  filled  the  vessel.  Suppose  that  we  have  a  mixture  of  nitrogen  and 
carbon  dioxide  consisting  of  one-fifth  nitrogen  and  fooiNAftlis  carbon  dioxide  at 
atmospheric  pressure.  Tbe  pi^tial  pressure  of  the  nitrogen  is  one-fifUi  of  760  mm., 
that  is,  152  mm.  of  mercurv  ;  this  is  also  called  its  "tension."  If  such  a  mixture 
is  put  in  a  vessel  as  described  above  and  pure  carbon  dioxide  placed  on  the  outer 
was  of  the  membrane,  the  pressure  will  rise  by  carbon  dioxide  passing  in  until 
its  tension  is  equal  cm  both  sides.  But,  since  gases  are  compressible^  ^e  relative 
volume  of  the  nitrogen  will  have  been  diminished  by  the  process,  so  that  it  is 
better  for  the  sakf*  of  description  to  imagine  that,  before  immersion  in  the  c«rHon 
dioxide  atmosphere,  we  have  raised  the  internal  pressure  by  forcing  in  more  oi 
the  gaseous  mixture  until  the  manometer  reads  152  mm.,  that  is,  until  the 
pressure  is  increased  by  ihe  tension  of  the  nitrogen  while  that  of  the  carbon 
dioxide  is  that  of  the  atmosphere.  By  this  means  we  avoid  the  further  inflow  of 
carbon  dioxide,  and  we  find  that  tlio  gauge  remains  stationary  at  152  mm.  of 
mercury,  if  the  barometer  stands  at  760  mm.  We  have  thus  a  measurement  of 
the  tension  of  nitrogen  in  the  mixture.  Of  course,  the  pressure  will  not  remain 
indefinitely  at  tiiis  pointy  since  nitrogen  is  not  absolutely  insoluble  in  water,  and 
it  will  therefore  pass  very  slowly  through  the  membrane,  until  the  conif>osition  of 
the  mixture  is  the  same  on  both  sides  and  no  pressure  will  be  shown  on  the 
manometer. 

IjBt  US  now  take  an  analogous  experiment  with  a  liquid  system.  We  have  seen 
Jxi  the  preceding  chapter  that  a  membrane  oi  copper  ferrocyanide  is  freely 
permeable  to  water,  while  refusing  passage  to  cane-sugar  in  solution  in  water. 
FfefFer  (1877)  made  a  ntiniher  of  experiments  in  which  the  membrane  was 
supported  in  tke  pores  of  a  ciay  cell  in  order  that  it  might  be  able  to  withstand 
the  pressures  developed.   He  found  that  these  pressures,  spoken  of  ia  the  case  of 
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solutions  as  "osmotic  pressures,"  were  directly  proportional  to  the  concentration 

of  the  solute  and  to  the  absolute  temperature. 

The  process  by  which  water  passes  through  a  membrane  from  a  solution  on  the 

one  side  to  another  solution  on  the  opposite  side  had  been  known,  since  the  time 

of  Dutrochet  (1827,  p.  393),  as  "endosmosis"  or  "exosmosis,"  so  that  the  pressure 

due  to  this  passage  of  water  was  naturally  called  *'  osmotic." 

The  experiments  made  by  Pfeffer  have  served  as  the  starting  point  of  sub- 
sequent work  on  osmotic 

pressure,  especially  as  the 

basis   of    the  important 

theory  of   solutions  put 

forward  by  van't  Hoflf ;  I 

have  therefore  given  his 

portrait  in  Fig.  47. 

The  similarity  of  the 

process  in  gases  and  in 

solutions  is  obvious,  but 

the  relationship  was  not 
made  clear  until  van't 
Hoft  (1885,  1)  was  led  by 

thermodynamic  considera- 
tions (see  Cohen's  book, 
1012,  p.  225)  to  the  view 
that  the  pressure  de- 
veloped by  a  substance  in 
solution  is  identical  with 
that  which  it  would  exert 
if  converted  into  gas  of 
the  same  volume  and  tem- 
perature; in  other  words, 
the  solute  behaves  as  if  it 
were  in  the  dispersed 
molecCilar  condition  of  a 
gas  and  the  solvent  weife 
absent. 

Thi«  statement  does  not 
necessarily  imply  that  the 
state  of  the  solute  is  actually 
that  of  a  gas,  although,  as 
we  shall  see  later,  a  kinetic 
theory,  similar  to  that  of 
gases,  gives,  on  the  whole, 
the  most  satisfactory  explana- 
tion of  the  phenomena.  It 
should  be  kept  in  mind  that 
the  tacts  of  owmotic  pressure, 
their  connection  with  vapour 
pressure  and  so  on,  are  inde- 
pendent of  any  theory  of 
their  origin.  Fro.  47.    Portrait  of  Pfkfff.r. 

On    account  of    the  Signature  from  charter  Book  of  the  Roy»l  .society. 

importance  of  van't  HoflTs 

theory,  the  actual  words  of  the  author  himself  (1885,  2,  pp.  42  and  43)  may  be 
given : — 

1.  *'Z<n  cfe  Boyh  pour  lea  Solutions. — Ija.  pression  osmotique  est  proportionelle 
a  la  concentration,  si  la  temperature  reste  invariable. 

2.  "Zoi  de  Gay-Lussac  pour  les  Solutiona. — La  pression  osmotique  est  pro- 
portionelle k  la  temperature  absolue,  si  la  concentration  reste  invariable. 

Ce  sont  \k  les  analogies  qui  ont  ete  demoutrees  et  verifiees  en  detail  dans  le 
travail  cite  (the  preceding  paper,  1885,  1);  elles  ont  rapport  k  la  variation  de 
la  pression  avec  les  circonstances.    Jo  vais  ajouter  maintenant  une  troisieme 
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proposition,  ayant  rapport  k  la  grandeur  absolue  de  cetto  preasioii,  et  n'etant^ 
en  reality  autre  chose  qu'une  extension  de  la  loi  d'Avogadro. 

3.  **Zot  ^Avogadro  pawr  let  SoluUimt. — Ia  pMnion  exerofe  par  les  gas  ^  one 
temperature  d^terinin^,  n  un  mime  nombie  de  molecules  en  occupe  un  volame 
donne,  est  egale  k  la  pression  osmotique  qu'exerce  dans  les  ineines  ciroonataiioat 
la  grande  majorite  df»s  corps,  dissous  dans  les  liquidcs  qtielconquos." 

At  normal  temperatore  and  pressure  one  gram-m(^eoule  of  a  fgu  occupies  a  volume  of  22*4 
litoes,  so  that  if  one  gram-moleoale  of  a  solid  be  diaBdved  in  22'4  litres  of  water,  its  oamotis 

5res8ure  should  bo  one  atmosphere,  an  nmy  also  be  seen  frotn  ihe  foUowiTig  consitleratirm, 
o  oompreBs  one  cram-moleoule  of  a  gaa  to  the  volame  of  one  litre,  which  is  the  volume 
ooonpied  by  any  sMote  in  what  is  known  as  nioittr  oonoentration,  requires,  by  Boyle**  law, 
a  pressure  of  22*4  atmospherss. 

I«t  us  take  an  example  from  one  of  Pfeffer'a  experiments.  A  4  per  oenL  solution  of  caoe- 
sugsr  gave  at  15*  so  ossMtie  pressors  of  206'2  cm.  of  nerooiy.    By  Qsy'Lussaio'B  law, 

supposing  it  to  apply*  this  would  b^  at  0*.  206*2  x  — pL-al97'4  sm.  msrsury.  One  grsss> 
moieonls  oi  tiie  sugar  wsfi^  9i2  g.,  so  that  the  uumbsr  of  litres  of  a  4  per  oent.  eolntioe 

required  to  ocmtain  I  grsin'>]nolsQnle  is  ^^ag^SSw    Henee  its  osmotio  prsssure  ■hoold  be 

^o 

78  X  __b199  om.  mercury,  a  very  dose  agreement,  ooosiUering  the  difficulty  of  the  measure- 
ment. 

This  example  will  serve  to  show  the  justification  of  HofiTs  point  <>f  Wew 

The  cxpcriiiieiits  oi  De  Vries  on  isotonic  s<jlutions,  referred  to  in  the  preceding 
chapter,  gave  further  couhriiiatioii  of  itti  correctnebs. 

Before  proceeding  further,  we  must  insist  on  the  faet  that  the  theoiy  was  only 
intended  to  apply  to  dilute  solutions.  For  the  present  purpose  we  may  define 
dilute  solutions  as  beini^  tlioso  in  which  the  number  of  molecules  of  the  solutf  is 
so  small  in  proportion  to  those  of  the  solvent  that  any  effects  due  to  the  mutual 
>ictiuu  of  the  molecules  of  the  solute,  to  their  actual  volume,  or  to  combmatioB 
with  the  solvent^  in  the  sense  of  hydration  or  aolvation,  may  be  neglected. 

When  we  come  to  coticentraled  solutions,  these  factors  have  to  be  taken  into 
account,  as  van't  Hoff  himself  (see  Cohen's  book,  1912,  p.  282)  pointed  out  with 
reference  to  tlie  treatment  of  the  question  from  the  kinetic  point  of  view.  •  In  fact, 
the  osmotic  pressures  of  such  solutions  are  found  to  be  higher  than  the  simple  gas  law 
would  lead  us  to  expect,  the  deviatioiie  bedbming  greater  hs  the  concentration  riBea 

The  most  important  work  on  concentrated  solutions  is  that  done  by  Morse 
and  his  collalxirators  in  the  United  Sut*^s  (I'JOl,  etc.,  summary  in  1914)  and 
by  Berkeley  and  Hartley  in  England  (1906,  1).  These  experiments  were 
made  on  solutions  of  cane-sugar.  A  further  series  of  measurements  on  calcium 
ferrocyanide  was  made  in  1908  by  BerkeknTi  Hartley,  and  Burton.  As  to 
the  interesting  methods  employed  by  these  observers,  the  reader  is  referre<l  to 
the  monograph  by  Morse  (1914)  and  that  by  Findlay  (1913).  The  prep«ratioa 
of  the  copper  ferrocyanide  meiMl)rane  is  of  especial  importance. 

In  the  endeavour  to  iiiid  a  furiuulA  which  applies  to  <x>ncentraU)d  soIutionH«  as  well  &a  to 
dilute  ones,  it  is  obvious  that,  by  the  introduction  of  a  .Huflicient  number  of  empirical  constants, 
this  would  not  be  difficult.  On  tho  other  hand,  if  a  physical  meaning  can  be  given  to  the 
constants  introduced,  although  it  may  uol,  for  the  present,  be  possible  to  determine  them  by 
an  independent  method,  such  an  expression  is  to  be  preferred.  For  this  reason,  in  the 
foUowing  pages,  I  have  adopted  tbepoint  of  view  o£  van  der  Waals  (1873)  and,  as  rsgsidi 
details,  that  of  Otto  8twn  (1913).  This  treatment  consists  in  the  application  of  the  nuifler 
H'eMi7«'  equati  !'  <•/  ^i'.;  to  solutions,  and  it  must  not  Vhj  snppo.><ed  that  no  other  point  i)f  view  it 
possible.  The  point  of  view  of  the  doctrine  of  energy,  or  thermodynamios,  xor  example,  st 
given  by  Findlay  (191S),  leads  to  a  logarithinio  fonnolaand  aflbids  resolts  which  are,  of  otmrMk 
cogent  if  ba^cd  on  corri^^t  foundations,  but  it  does  not  seeni  to  me  to  help  us  far  in  under- 
standing lh«j  factors  at  work.  Nornst  (1911,  p.  155)  appoarti  to  bo  of  the  same  opinion.  It  t« 
puiistLni  out  by  Arrhenius  (1912,  p.  6)  in  reference  to  the  seleotioo  byvsilH  Hoff  or  the  thsrois- 
dynamic  iiu  thiKl,  that,  at  that  timt.>,  the  kintUic  theory  was  not  so  manageable  as  the  former. 
Bolt7.mann,  liuwuver,  brought  the  kinetic  thtx)ry  int«j  favour  again  by  reducing  it  to  so 
application  of  the  theorv  of  probabilities.  The  application  of  tne  kinsCio  thiSOiy  to  tiq,ilidf 
will  bo  found  disousaed  in  Nemst's  book  (1911,  pp.  212-219). 

The  simple  generel  gas  law 
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is  not,  in  realitv.  of  miiversal  application  even  to  gases,  and  fails  especially 
under  high  coinjjression.  It  gives  more  accurate  results  the  higher  the 
temperature,  a  fact  which  is  significant  in  connection  with  the  data  obtained 
bjr  Morse  ud  his  co-worken  (ill 2,  p.  29).  The  osmotio  pressure  of  a  molar 
solution  (weight  normal,  see  below)  afc  5*  was  found  to  be  1*116  times  that 
calculated  ;  at  40°  it  was  only  1*085  times,  and  at  80"  tho  vhImp^  ftcMv-pd. 

The  failure  of  the  simple  Boyle-Gay-Lusaac  law  to  express  the  behaviour  of 
gaaea  at  any  temperature  and  pressure  led  Van  der  WaaU  (1873,  see  Bibliography) 
to  ooaeidier  the  causes  of  the  failure^  and  to  formulate  a  more  general  law,  which 
is  nsnally  stated  thus 

(p  +  2)(V-»)-BT. 

We  notice  that  P  is  increased  by  a  new  factor,  which  is  a  function  of  V,  while 

V  itself  is  diminished  by  another  factor,  b. 

Wo  will  first  consider  this  latter  quantity,  which  haa  to  do  with  the  actual 
volome  taken  up  by  the  molecules  tiiemselves.  If  molecules  ha^e  a  real  concrete 
existence,  and  all  recent  work  shows  tJi  if  they  have,  they  must  occupy  space. 
The  concordance  between  the  values  of  A  v ogadro's  constant,  obtained  by  various 
methods  as  referred  to  in  Chapter  IV.  above,  is,  in  itself,  sufficient  proof  of  the 
actual  existence  of  molecules.  In  ga^es  at  ordinary  temperatures  and^reiisuies,  the 
volume  taken  up  by  the  molecules  themselves  is  negligible  in  comparison  with  the 
space  in  which  they  are  free  to  move.  Larmor  (1908)  has  pointed  out  that,  if  we 
iniML'inn  the  molecule  of  a  gas  at  atmospheric  pressure  to  be  magnified  so  that  it  has 
a  dmiiieter  of  1  cm.,  there  will  only  be  one  molecule  in  two  litres  ;  or  the  space 
taken  up  by  the  actual  moleculcii  themiiielveb  ia  oni^'  about  one  four-thuusandth 
p€urt  of  the  total  volume  of  the  gas.  When  the  gas  is  compressed,  the  volume  of 
the  molecules  is  not  diminished,  so  that  the  relate «  fraction  of  the  volume  taken 
up  by  them  becomes  more  and  more  pronounced.  V,  therefore,  in  the  simple 
gas  equation,  that  is,  the  space  free  for  the  molecules  to  move  in,  is  actually  the 
volume  as  measured,  diuiinisihed  by  the  space  occupied  by  the  mol^ules.  This 
roaoe  is  not  necessarily  the  size  of  the  chemical  molecules  themselves,  but  the 
distance  at  which  they  begin  to  resist  being  pressed  closer  together,  and  is, 
according  to  van  der  Waals,  four  time*?  the  former  qmmHry  in  the  rarefied  state. 
Tt  diminishes  to  about  half  this  value  as  the  total  volume  of  the  gas  decreases 
under  pressure. 

Turning  to  liquid^  and  remembortng  that  van  der  Waals  applies  his  formula 
to  pure  liquids,  non<«S8ociated,  that  is,  consisting  of  single  molecules,  we  may,  as  a 

first  approximation,  f  xpect  that,  if  we  reckon  the  concentration  of  our  cane-sugar 
solution  as  being  tiio  number  of  grams  cii.s-solv^xl  in  100  c.c.  of  water,  so  that  a  10 
per  cent,  solution  is  made  by  adding  10  g.  of  sugar  to  100  c.c.  of  water,  instead 
of  taking  a  stdution  containing  10  g.  of  sugar  in  100  cc.  of  sdution,  better 
correspondence  of  osmoHc  pressure  measurements  with  the  theoretical  ones  would 
be  obtairif^r)  This  is  in  fact  the  case,  as  the  following  numbers  from  the 
expenmt'iiU  of  ^forse  and  Fraser  show:  — 


Ooooentrstiofii. 

OtmoMc  Frenourc  in  Atmospheres. 

As 

Wflight-Nonnal. 

As 

Volnme-KonuaL 

Osiculated. 

Observed. 

From 
Volamo-NormaL 

From 
Weight-Normal. 

O'l 
0-9 
0*5 

0-  8 

1-  0 

0-008 
0-28-2 
0-462 
0-684 
0-825 

2-59 
7-61 
12-76 
20-91 
26-64 

2  34 
6  74 
10-81 
1688 
19*78 

2-39 
717 
11-96 
1912 
23-90 

"By  taking,  in  this  way,  what  are  called  weight-normal  instead  of  volume-normal 
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solutions,  we  are  allow  i?v.'  for  the  vahio  of  the  molecules  .o£  the  solttt^  or  t^*p*»g 
V  -  6  instead  of  V  in  the  simplo  equation. 

But  this  procedure,  as  the  table  shows,  is  not  a  complete  solution  of  the 
qnestion,  and  we  muBt  ajso  take  into  coneideration  the  remaining  constant  of  van 
der  Waals,  viz.,  a,  whidt  refers  to  the  mutual  attraction  of  the  molecules,  and 
therefore  acts  in  the  opposite  way  to  h.  This  mutual  uttrnrtion  of  the  nioleoult-s 
has  been  already  met  with  in  Chapter  III.,  in  the  case  ot  liquids,  as  the  internal 
pressure  of  Laplace,  giving  riiie  to  the  surface  tension.  These  attractive  forceti  are 
naturally  less  the  further  the  molecules  are  from  one  another.  Xhe^  are  in  fact 
inversely  proportional  to  the  square  of  the  volume  occupied  hy  a  given  numher  of 

moleeules,  t.e.,         We  must  then  increase  F,  in  the  simple  gas  equation,  by 

this  (jiiantity. 

In  the  application  of  Uie  van  der  Waals  theory  to  solutiotm  I  propose  to  follow^ 
in  the  main,  the  treatment  of  Otto  Stem  (1912),  since  it  is,  on  the  mhulei  iiiwilJlIB  , 
of  easier  explanation  than  the  similar  one  of  Berkeley  (1907).   For  a  complete 

account,  liowpver,  the  original  papei*s  must  be  consulted. 

In  the  first  place,  we  must  not  expect  even  dilute  solutions  to  obey  the  simple 
gas  law  exactly,  because  the  solvent  itself  is,  as  regards  its  molecular  state,  very 
concentrated  whoi  compared  with  a  gas.  In  other  words,  its  molecules  are  eloeely 
packed.  According  to  van  der  Waals,  at  the  boiling  point,  the  \  olume  of  tha 
molecules  is  about  one-quartw  of  the  entire  space  occupied  by  the  liquid. 

That  there  is  sptco  lietwt'on  the  molecules  of  a  liquid  is  shown  hy  the  fact,  amongst  other**, 
that  liquids  are  not  altogether  incompressible.  Parsons  and  Cook  (1911,  p.  343}  find  that 
water  at  4°  can  be  compreased  to  87  per  cent,  of  its  volume  by  a  preenire  of  4,500 atmoophera^ 
and  ether  at  35"  to  80  per  cent,  of  its  volume  by  4,000  atmospheres. 

Moreover,  the  molecules  of  the  solvent  affect  those  of  the  solute  in  both  the 
attractive  and  the  repulsive  ways  of  the  van  der  Waals  equation;  so  that  it 
is,  in  point  of  fact,  rather  unexpected  to  find,  even  in  the  c^ise  of  dilute  solutions, 
Uiat  the  OBmotic  pressure  is  so  nearly  equivalent  to  tiie  gas  pressure  of  the  solute. 
The  reason  for  this,  acoording  to  Stern,  is  the  presence  of  the  semi-permeable 
membrane  itself  lAicfa  causes  the  effects  due  to  both  the  attractive  and  repulsive 
fon-es  to  be  compensatefl  in  dilute  solutions  in  the  following  way  :  —  As  ret;ards  n, 
a  molecule  of  the  solute  which  hits  against  the  membrane  is  surrounded  on  a^i 
sides  by  the  solvent,  since  the  membrane  i.s  permeable  to  these.  The  attractive 
forces  are  therefore  equal  on  all  sides,  as  if  the  membrane  were  not  present^  and 
play  no  part  in  the  production  of  the  osmotic  pressure,  which  can  only  be  affected 
l)y  forces  which  are  unequal  on  tlio  two  sides  of  the  membrane.  As  regards  6, 
an  increased  osmotic  pressure  must  undoubtedly  be  caused  thereby,  but  a  part 
of  the  total  osmotic  pressure,  and,  in  fact,  a  part  which  is  exactly  equal  to  tliat 
due  to  the  volume  of  the  molecules,  is  takra  up,  not  by  the  membrane,  but  by 
the  molecules  of  the  solvent  in  the  act  of  passing  through  the  membrane.  A 
certain  part  of  the  membrane  is  occupied  by  molecules  of  the  solvent,  instead 
of  membrane  substance,  so  that  a  certain  number  of  the  molecules  of  the  solute 
bit  against  these  molecules  of  the  solvent^  instead  of  against  the  membrane^ 
and  are  therefore  inactive  osmotically.  This  point  of  view  is  developed  in  a  some* 
what  different  manner  by  Haldane  (1919). 

Additional  considerations  must  bo  taken  into  account  when  concentrated 
solutions  are  co?icerned.  In  dilute  solutions,  the  "  molar  fraction,"  that  is,  the 
number  of  molecules  of  the  solute  in  proportion  to  those  of  the  solvent,  is  so  small 
that  mutual  action  may  be  disregarded.  This  is  not  the  case  with  concentrated 
solutions,  and  Otto  Stern  has  developed  the  following  modificatioii  of  the  van  der 
Waals  formula : 

j-^^ci^-«j^5^)J  ^  [V  -  6,  +  b,4x,  -  -RT. 

where  w  is  the  osmotic  pressure*  a,  and     are  the  van  der  Waab  constants  of 

the  pure  solute,  tty^  Mid  j  constants  depending'  on  the  attraction  and 
repulsion  respectively  between  the  molecules  of  solvent  and  solute^  and  a^— « 
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is  rhi-  Hllerence  between  the  ooDoentration  ot  the  aolvent  outeide  the  membrane 
and  iu  the  solution  itself. 

We  note  that  a  of  the  van  der  Waals  equation  is  diminished  by  a  factor 
expreasmg  the  attraction  between  the  moleoules  of  the  aolnte  and  those  of  the 
solvent,  which  acts  in  tlic  0{>p(>site  direction  as  regards  osmotic  pressure  to 
that  between  the  molecules  of  the  solute  itself.  The  attraction  between  the 
molecules  of  the  solvent  and  solute  pulls  the  molecules  of  the  solute  away  from 
each  other,  iu  opposition  to  their  mutual  attraction.  The  necessity  for  the 
introduction  of  «f^~x  is  that  tiie  concentration  of  the  solvent  inside  the 
membrane  is  less  than  that  oatnde  by  the  space  taken  by  the  molecules  of 
the  solute.  For  similar  ressona^  the  rsenisive  forces  expressed  by  &  are  less 
than  in  the  simpler  case  of  a  pure  liquid. 

The  whole  process  of  derivatinn  of  the  formula  is  beyond  the  limits  of  this  book>  bat  there 
&re  una  ur  two  points  to  be  noted  in  oonneotion  with  it. 

Owing  to  the  fact  of  its  oontaining  two  additioniil  conatMnta,  it  it  not  to  be  wondered 
at  that  it  cnn  be  made  to  satisfy  experimental  results.  These  new  constants,  unfortnnately, 
cannot  as  yet  be  tested  experimentally  by  an  independent  method,  but,  at  the  same  time,  it  is 
a  matter  of  some  satisfaction  to  possess  an  equation,  similar  in  form  to  tibat  of  van  der  Waalt, 
containing  only  fHct(»rs  to  which  a  physical  meaning  can  be  assigned. 

If  the  solvent  is  an  auociated  liquid,  like  water,  the  equation  still  applies,  although, 
of  oooree,  the  nooaerioal  values  of  the  ooostants  will  not  be  the  eame. 

Consider  further  that  the  two  -van  der  Waals  constants  have  opposed  to  them 

other  constants  hy  which  their  value  is  reduced,  and  it  will  be  obvious  that  in 
solution  a  substance  >>liould  obey  the  ideal  gas  law  more  closely  than  in  the  gaseous 
state.  Suppose  tlmt  we  are  dealing  with  two  easily  misciblc  .substances  whose 
critical  points  are  not  very  far  removed  from  one  another,  so  that  their  molecular 
state  may  be  consid^ered  to  be  similar,  then  a^.^  and  b^.^  are  of  the  same  order  as 
and  by  Moreover,  the  difference  between  the  concentrations  of  the  pure  solvent 
itself  and  that  which  it  has  in  the  solution  is  nearly  identical  with  the  concentra. 

tion  of  the  solute,  or         is  very  nearly  equal  to     which  is  the  concentration 

of  the  .solute;  a*,^  -  a*  is,  therefore,  practically  unitv.  Tliis  being  so,  the  factors 
representing  a  will  nearly  cancel  out,  as  will  also  those  repre4ienting  b,  and  a  gas 
in  solution  will  obey  the  ideal  gas  law  more  closely  than  it  does  in  the  gaseous 
state. 

This  remarkable  result  was  tested  by  Otto  Stem  in  the  case  of  solutions  of 
carbon  dioxide  in  methyl  and  ethyl  alcohols,  acetone,  and  methyl  and  ethyl 
acetates,  at  low  temperatures  in  order  to  avoid  high  pressures.  The  values  actually 
measured  were  the  absorption  coefficients,  and  from  these  the  osmotic  pressures 
were  calculated  by  a  formula  due  to  Nemst,  taking  account  of  the  increase  of  the 
coefficient  a.s  the  pressure  increased. 

The  followini^  numbers  were  obtained  in  the  case  of  methyl  alcohol  at  -78'  C, 
and  will  serve  as  an  illustration.  The  column  headed  ''Theoretical  o.^motic 
pressure  "  gives  the  values  calculated  from  the  simple  gas  equation,  and  it  will  be 
noticed  how  closely  the  observed  values  correspond'  to  these,  deviating  only  at  the 
higher  pressures.  The  last  column  gives  the  corresponding  pressures  in  the  gaseous 
stat^  as  calculated  by  the  van  der  Waals  formula. 


Preeeure  in 
Mm.  Hg. 

Ooooentmtion 
in 

Mole*  per  litre. 

Theoretical 
Osmotto 
Preamreb 

Observed 

Uemotio 

Frcssiireu 

Gas  Pressure  by 
van  der  Waala' 
Formula. 

SO 

0*49 

7-93 

7  03 

7  05 

100 

0-96 

157 

15-7 

121 

200 

1-97 

31  6 

31-6 

181 

400 

4-02 

M-3 

63-1 

10-8 

700 

730 

116-8 

llS-2 
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THE  CAUSE  OF  OSMOTIC  PRESSURE 

The  basis  of  the  foregoing  considerations  has  been  that  of  the  kinetic  theory, 
according  to  which  the  osmotic  pi-essure,  developed  by  a  solution  constraioed  by  a 
membrane  peim^ble  only  to  the  solvent,  is  due  to  the  impacts  of  the  molecules  of 
the  solute  against  the  membrane  through  which  they  cannot  pass  (Nemat^  1911, 
p.  244)*  It  is  well  to  note  that  there  are  other  views  <m  the  question,  such  u 
surface  tension,  attraction  of  solute  f  n-  solvent,  and  so  on,  but  it  would  exceed  the 
scope  of  the  present  book  to  discuss  tliein.  Although  van't  Hoff  made  use  of  tlie 
thenuodynuinic  method  in  the  quantitative  mathematical  treatment  of  osmotic 
pressure,  he  intorprets  the  phenomenon  in  terms  of  the  kinetic  theory  as  given 
aj9ove  (see  p.  482  of  his  paper,  1887)r  For  our  purposes^  Uie  kinetto  theofy 
satisfies  requirements  best.  Those  who  are  interested  in  fhe  rjuestion  are  referred 
to  the  monograph  by  Findlay  (  HH  3,  pj>.  f)r)-76 ),  and  to  the  paper  by  Callendar  (1908). 
Callendar  remarks,  '*  It  is  prolmble  that  all  the  theories  possess  some  elements  of 
truth,  and  that  they  may  be  to  some  extent  merely  different  aspeots  of  the  SMDe 
phenomwon," 

HYDRATION  OF  SOLUTE 

There  ?s  <>no  point  that  i-equires  a  few  words.  Many  solutes  are  hydrated  in 
solution  in  water.  That  is,  each  molecule  is  as.sociated  with  a  larger  or  smaller 
number  of  water  molecules.  The  re.-sult  of  this  is  that  the  number  of  molecules  of 
water  in  a  given  volume  is  reduced,  although  that  of  the  aiduto  is  not. 

As  far  as  dilute  solutions  are  concerned,  as  Nemst  (1911,  pp.  271  and  469) 
points  out,  this  fact  will  have  no  influence  on  the  osmotie  pressure,  however 
measured.  The  number  of  molecules  of  water  is,  so  great  in  proportion  to  those 
of  the  solute  tliat  the  fixation  of  a  certain  number  of  them  will  have  uo  meaiiurable 
effect.  On  the  other  hand,  calculations  of  the  osmotic  pressure  of  concontrated 
solutions  of  cane-sugar,  made  on  the  hypothesis  that  eadi  molecule  is  associated 
with  five  molecules  of  water,  gives  values  more  nearly  approximating  to  those 
obtained  experimentally  (see  Findlay,  1913,  p. 

There  is  at  present  nmoh  difference  of  opinioa  A8  to  the  nature  of  this  hydration.  For 
•Bsmplo,  it  is  stated  by  CaUendar  ( 1908,  p.  49S)  dial  the  oondiiskMtt  of  Jonsa  ana  Bsssstt  (1905) 
are  **diMiwtrieally  opposed"  to  hie. 

METHODS  OF  MEASUBKBlUSNT 

The  dtreel  measurement  of  c^motic  pressure,  either  by  Pfeffer's  method  <tf 
measuring  the  pressure  produced  in  the  osmometer  when  one  side  of  the  membrane 

is  immersed  in  water  at  atniospheric  pressure,  or  by  that  of  Berkeley  by  measuring 
the  pressure  nece^ssary  to  he  applied  to  the  solution  in  order  to  prevent  passage 
of  solveiit  in  either  direction,  is  of  considerable  experimental  diihculty,  and  only 
applicable  in  certain  cases»  owing  to  the  fact  that  we  know  of  ao  few  appropriate 
semi-permeable  membranes.  In  practice,  the  determination  of  other  properties, 
which  are  related  in  a  known  way  to  the  osmotic  pressure,  is  usually  reaorted  toi. 
Fig.  48  shows  the  construction  of  gome  of  the  ceils  used  by  Morse. 

Beforo  passiug  to  the  iudirect  meihrKls,  a  direct  method  due  to  Fouard  (1911)  will,  perhaps, 
■ometimee  he  found  luefnl   In  speaking  of  the  semi-permeable  membranes  prepered  1^ 

Truube,  t!iat  made  by  the  action  of  taiuiiii  on  gelatine  was  rt-forrtxl  l<.i.  Fouard  makes  ase  of 
this,  but  iostead  of  measuring  the  pressure  in  a  uianonieter,  be  balances  it  by  the  use  of 
tolutimu  of  ciioe-sQgar  of  known  osmotic  pressure  outside.  It  is  olear  that  the  approatimato 
Oflrootic  pressure  of  the  s^jlution  inside  filiould  he  known,  in  order  to  savo  a  large  number  of 
preliminary  trials.  A  small  cylinder  of  silver  gauzo  is  taken,  inimersiHi  in  U  per  cent,  oollodioa 
nt  order  to  form  a  film,  washed  with  water,  and  then  filled  with  1  per  cent,  gelatine,  which  im 
then  poured  nnt.  After  soaking  for  fivf*  to  six  days  in  dilute  tannin  solution,  it  is  ready  fcMT 
use.  It  should  be  kept  iu  dilute  solutions  of  the  membrane  formers,  presumatily  gelatine 
inside  and  tannin  ontside,  or  vice  versa.  For  use,  it  is  cooneoted  with  a  oapillaiy  tube,  bent 
horizontally  so  n'^  to  bo  at  the  same  level  as  the  top  of  the  outer  polutinu.  The  solution  wliris© 
osmotic  pressure  is  to  be  measured  ia  placed  inside,  so  as  to  form  a  meniscus  in  ihc  capillary 
tube.  If  the  osmotic  pressure  of  the  eane-sugar  solution  is  greater  than  that  of  the  iiiiu  r 
Bobition.  water  will  pass  out  and  the  meniscus  will  move  towards  the  cell  and  vice  versa.  By 
adding  either  water  or  sugar,  a<t  the  case  may  be,  a  solution  can  be  found  which  has  the  same 
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Flo,  48. .  Okb  or  m  tobmb  of  OsMoiivnnt  vnsD  vt  Mobsi. 
18.  Solid  ^Ms  stopper  for  tue  with  nibstenoM  whioh  attack  meUb. 

a,  Manometer  tube. 

6,  Vent  for  solution,  closed  b\  \  ;uve      lower  tiui  ol  slojijitr 

14.  Glaw  wanonielvr  attachment  for  cells  with  straipht  necks. 

a,  Mjuiometer  with  atraight  tub«  (ui»ed  to  lower  end. 

b.  Space  betwam  nuuiMBtter  ud  gtRH  talK. 
t,  Brawrlag. 

Md  4V  Fotodaln  ringi  for  eomprenvDg  packing. 
/,  Bran  collar. 

f,  h,  i,  and  /,  Bram  pieces  witb  which  to  dose  the  cell,  and  also  to  adjust  iniUal  prMsure. 
A,  Tent  tar  ioiatioD. 

Iflw  OlMt  nuuiometer  attMhment  for  cells  with  straight  nedcs.  Like  that  of  Fig. 
14,  except  thAt  the  glass  tube  is  left  open  *t  the  top  sad  thon  olosed  with  a 
brass  cap  aud  Utharee*glyceniie  oement. 

(Morse,  1014,  p.  25;  Oamegie  I&Blitution  of  Washingtoo.) 
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otmotio  pressure  as  that  of  the  inner  solution,  so  tfa^t  no  raovement  of  the  meniscus  takes  place. 
The  oonoentration  of  the  sugar  solution  Oftn  then  beaaoertuned  by  an  appropriate  metiioa,  say 

by  sp<.'citi(.-  gravity  or  rotiitcn v  powor,  and  its  o=imotio  prvssuro  i'?  ohtained  from  tho  measun.-- 
ments  of  ^lorse  and  others.  The  method  is  only  applicable  when  the  membrane  is  not  eaAiiy 
pemmble  to  the  solute  whose  osmotic  pressure  is  to  be  detennined,  and  it  must  obviously 
not  be  acted  on  ch^ m'  illy  by  solvent  or  solutf  in  contAot  with  it.  According  t«  Waltien 
(1892,  p.  708)  such  membranes  are  permeable  to  nearly  all  inorganic  salts.  Tho  aubst&ncfii 
taatod  oy  Foaaid  were  laotoae,  glueoee,  mannite,  asparagine,  and  quinine  tartrate.  Apparently 
the  tannin  gelatine  membrane  was  impermeable  to  these,  but  it  is  the  most  permeable  of  all  th« 
precipitation  membrane  tested  by  VValden  (see  page  113  above) ;  the  least  perm^ble  was  tbaf 
of  ooppor  femx^anide. 

-  Vapour  Pretmre. — ^Tbat  a  aolutioa  of  any  substance  rnoBt  have  a  lower 
vapour  pressure  than  that  of  the  pure  solTent  can  readily  be  seen  by  the  folloidiif 

consideration  due  to  Arrhenius 
(1901,  p.  83).  Sup|)ose  two  vesselb, 
\V  and  S  (Fig.  49),  mluated  in  a 
closed  spaoe  filled  with  air.  W  eoo* 
tains  a  dilute  solution  of  a  noD* 
volatile  solute  in  water,  and  S  a 
stronger  solution  of  tlie  same  solute. 
Water  will  pa.s8  from  W  to  S,  since 
the  air  may  be  regarded  as  a  semi* 
penneable  membrane,  permeable  to 
water  as  vapour,  impemiejible  to  the 
non  volatile  solute.  Tiie  pres-sure  of 
water  vapour  over  W  must,  therefore, 
be  greater  than  oyer  otherwise  it 
would  not  pass  from  the  one  place  to 
the  other.  Further,  suppose  that  W 
and  B,  instead  of  V>f»in?  in  separate 
vessels,  are  in  one  vessel  but  separ- 
ated by  a  membrane,  permeable  to 
the  solvent,  impermeable  to  the 
solute.  The  water,  as  we  know, 
passes  to  the  stronger  solution  until 
the  osmotic  pressure  of  the  two  is 
the  same.  Now,  if  tbo  presaure  of 
water  vapour  were  greater  over  S 
than  over  W,  water  would  continu- 
ally distil  over  to  W  and  pass  through 
the  membrane  to  R,  equilibrium 
would  never  be  attained,  and  we 
should  have  a  "perpetually  auto* 
matic  cyclic  process,  i.e.,  a  perp^Mun 
mobile^  which  would  perform  work 
at  the  expense  of  the  Jient  of  the 
environment,  which  is  contrary  w 
the  second  law  of  thermodynamics"  (Nemst,  1911,  p.  132). 

Tho  method  of  esloalating  the  eiaot  quantitative  rdation  between  yafom  premire  socl 
osmotic  pressure  is  beyood  too  wxipo  of  this  boolc,  and  may  be  found  ra  that  of  MecDit 

(1911,  pp.  132-137). 

In  pvaotioe,  variooa  methods  of  determining  the  vapour  preasnre  of  a  aoIutioD  are  adopted. 

It  maybe  measured  directly  by  intnxlnctirjn  of  the  solution  into  a  Torricelliiii  \  i  inira  and 
measuring  the  fall  of  the  mercury  column,  or  b^  a  differential  method,  doternuning  the 
difference  of  prensure  <  iver  the  solvent  and  the  solution.  An  apparatus  for  use  in  physiologioal 
work  is  deficribcd  \>y  Friedenthal  (IIW)").  The  method  ha;'  the  disadvantage  that  iho  solutions 
are  in  racuo,  so  that  dib^iulved  gase^  mual  be  remnvtxl  previously  ;  but,  on  the  other  hand,  it 
can  be  need  at  the  temperature  of  the  orgmivm  from  which  tho  solutions  were  obtained, 
an  advantngc  over  the  freeiing  \>"\ni  nu  t  hod.  Another  method  is  that  snggested 
by  Ostwttid  and  tavesiiigated  bv  James  Walker  (1888}.  This  depends  on  the  fact 
that,  when  an  indifferent  gas  is  bulibled  throagh  a  solution,  tho  amount  of  the  solvent  removed 
by  the  ens  i<»  propnrtinnal  to  the  vapour  pres^nre  of  the  Hoiiuion.  This  method  was  emplfiyed 
by  Berkeley  and  Hartley  (1906,  2)  to  compare  the  vapour  preasun^  of  cane-sugar  solutions 
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FlO.  49.    DiAOKAMS  TO  ILLUSTRATE  THE  RELATION 

or  varova  pbbsuu  to  osMcmo  ruessnas. 
Wf  Water. 

8,  AsolotiMla«atar. 

la  A  tbe  Kqidds  ace  sqiaimied  bjr  air.  Jn  B,  there  b  also 
a  Mn^pennsaUe  msmbnae,  vfth  which  they  are  both 
in  oootut. 

(After  Arrhenius.) 
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with  the  osmotic  pressures  obtained  by  the  direct  method.  Several  improvements  wore 
introduced  in  order  to  inoreaM  it«  ftoouraqy.  AnoUwr  method  Sm  that  of  the  dew-point,  ae 
«aed  by  M'Bain  (1920). 

When  great  seusibility  is  uot  reijuireJ,  Barger  s  method  (1UU4)  will  be  fouud 
▼ery  uaefal  and  easily  carried  out.  Suppose  that,  in  Fig.  49  (upper  tij^'ure),  we 
have  a  meana  of  observing  the  changes  in  volume  of  tbe  two  solutions,  and  that 
we  take  as  one  of  them  a  solution  whose  osmotic  pressure  is  known,  say  cane- 
sugar,  au'l  tliat  we  change  its  concentration  until  no  elmrii^'f  occurs,  on  standing, 
in  the  volume  of  either  of  the  solutions.  Then  the  vapour  pressure  of  the 
unknown  solution  is  equal  to  that  of  the  known  sugar  solution.  Burger  introduces 
alternate  drops  of  the  two  solutions  into  a  capillary  tube^  and  obstNrves  the  change 
in  length  of  the  various  drops  by  measurement  under  a  microscope. 

It  is  clear  that  much  time  is  saved  by  knowing  beforehand  the  approximate  oemutic 
prewttre  of  the  solution  to  be  meaiiared.  In  ao  application  of  this  method  to  aolutions  of 
Gungo*red  (1911,  ii.  p.  233),  I  fonad  no  diffionlty  in  distinguishing  between  oonoeatiatiooe 
of  0  t)fiO  and  O-OSS  molar. 

The  boiling  point  of  a  solution  also  depends  on  its  osmotic  pressure,  and  this 
method  is  frequently  in  use  by  cheraists,  V)ut  is  rarely  applicable  to  physiological 
problems  on  account  of  changes  produced  by  the  high  temperature  required. 

On  the  other  hand,  the  method  of  freeziitg  point  determinations  is  of  great 
▼alue,  although  not  so  sensitive  as  direct  messurements.  A  dedmolar  solution  in 
water  lowers  the  freezing  point  by  only  0*184,  so  that  a  very  sensitive  thermo> 
meter  must  be  used.  In  fact,  O'OOl,  a  quantity  difficult  to  measure  with  accuracy, 
corresponds  to  an  osmotic  pressure  of  0'012  atmosphere,  or  about  91  mm. 
of  mercury,  a  pressure  easy  of  measurement^  especially  with  a  manometer 
containing  a  liquid  of  low  density. 

Solutions  which  have  the  same  osmotic  pressure  hava  the  same  fleesing  point ; 
for  the  fnvang  point  is  that  temperature  at  which  the  solid  solvent  (ice)  and  the 
solution  are  capable  of  existing  together,  so  that  they  must  have  the  same  vapour 
pressure,  otherwise  isutherraal  distillation  would  occur.  Solutions  have  a  lower 
vapour  pressure  tiiau  the  pure  solvent,  hence  the  ice  with  which  they  are  in 
equilibrium  at  their  freedng  points  must  have  a  lower  vapour  pressure  than  pure 
ice  in  equilibrium  with  water,  in  other  words,  it  must  be  at  a  lowsdr  temperature. 

It  is  scarcely  necessary  to  remind  the  reader  that  ice  has  an  apprecial»le  vapour  pressure, 
which  dcoroaBos  as  the  temperature  falls^  theoretically  as  Car  as  absolute  zero,  at  which 
temperature  water  vapour,  like  all  gages,  eeassa  to  exist  as  endk  TIds  fact  enaUea  deoieoation 
of  tissues  to  be  carried  out  below  their  Iraeaing  points,  as  fn  the  method  of  Altmaan 

(page  17  above). 

In  connection  with  the  measurement  of  the  freezing  points  of  solutions  there 
are  two  important  laws  to  bo  kept  in  mind.  The  law  of  Blagden  (17S8)  states 
that  the  lowering  of  the  fireexing  point  is  proportional  to  the  concentration  of  the 
solution,  and  that  of  Baoult  (1883)  stat^  that  equimolecular  quantities  of  various 
substances  in  the  same  solvent  lower  its  freezing  point  by  the  same  amount. 

F  r  further  theoretical  treatment  see  Nemst's  book  (1911,  p.  146).  and  for  practical 
details  uf  the  methods  used,  see  Findlay's  monograph  (1906,  pp.  110  12^^),  Xerneit's  b'x)k 
(191 1 .  pp.  259-263),  and  the  aionogiaphs  of  Raoult  ( 19QO-1901).  Gave  and  Bogdan  (1903)  have 
motlifiecf  the  onlinary  Beckmann  apparatus  in  such  a  way  as  to  make  it  available  for  smaller 
volumes  of  solutions,  1"5  c.o.  instead  of  10-20  c.c.  This  renders  the  api>aratu8  of  more  use 
in  physiological  work,  where  it  is  not  always  poasible  to  obtain  sutlicietit  liquid  for  the 
usual  form  of  apparatus.  A  further  modification,  by  which  even  less  solution  is  required,  ta 
described  by  nui  ian  and  Drucker  (1910).    It  appears,  nevertheless,  to  give  accurate  results. 

The  value  in  degrees  by  which  the  freezing  point  of  a  solution  is  lower  than 
that  of  water  is  denoted  by  the  sign  A* 

There  is  still  another  method  of  measurement  of  osmotic  pressure  which  has 
been  used  for  physiological  liquids,  viz.,  that  of  the  effect  of  dissolved  substances 
on  the  critical  mhifimi  tempernfiire.  Manv  liquids  are  able  t/>  dissolve  each  other 
to  a  limits  extent,  as,  for  example,  phenol  and  water.  Above  a  certain  tempera- 
ture these  two  liquids  are  miscible  in  all  proportions,  but,  as  the  temperature 
falls,  phenol  separates  out  as  a  distinct  phase  in  an  opalescence  to  begin  with. 
This  temperature  is  altered  by  dissolved  substances  and  in  proportion  to  their 
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inolecalar  oonoentration.  For  further  details,  the  reader  ia  referred  to  the  paper 
by  Timmermans  (1907),  and  for  the  application  to  urine,  the  paper  by  Atkins  and 
Wallace  (1913),  and  for  all  methods  of  determining  osmotic  pressure,  the  valuable 
work  of  Hamburger  (1904). 

OSMOTIO  WORK  AND  VOLUME  ENERGY 

To  increase  the  osmotic  pressure  of  a  solution  requires  the  performance 
of  work  just  as  the  compression  of  a  ga«  does.  Tlie  aiuounl  of  work  depends, 
of  course,  on  the  volume  of  the  solution  compressed  as  well  as  on  the  pressure 
to  which  it  is  raifled.  It  is,  juat  as  in  the  case  of  a  gas,  aa  described  on 
page  33  above,  equal  to 

RT  log;& 
Pi 

for  one  gram-molecule,  where      and      are  the  lower  and  higb^  prassares 

respectively;  and  n  times  this  quantity  for  n  gram  molecules. 

The  osmotic  pressure  of  a  solution  can  be  raised  by  rem(j\al  of  part  of 
the  aolveut  in  any  manner,  and  it  follows,  from  the  second  law  of  energetics, 
that  the  work  done  is  identical  in  all  cases  (Nemst,  1911,  p.  19),  provided 
that  i3b»  process  is  isothemiaL  Suppose  that  a  part  of  the  solvent  is  removed 
by  evaporation,  it  can  be  shown  by  a  simple  process,  details  of  which  will  be 
found  in  the  book  V>y  Nemst  (1911,  pp.  132-13d),  that  the  work  done  is  aLso 
expressed  by  the  formula 


where  m  is  the  molecular  wcaght  of  the  solvent^  a  the  specific  gravity  of  the 

solution,  and  ^  the  osmotic  pressure  of  the  sdution. 

Tlie  foundation  of  the  <:,'eneral  theory  can  best  be  grasped  by  the  following 
iiiiai,dnary  model,  based  on  the  considerations  of  van't  Hoff  (1887).  In  a  vessel,  W 
(Fig.  50),  containing  a  solution,  S,  is  a  cylinder,  C,  closed  below  by  a  membrane, 
impenneable  to  the  solute,  permeable  to  the  solvent.  The  cylinder  oontaiiia 
a  more  oonoentrated  solution  of  the  same  substance,  and  is  fitted  with 
a  movable  piston  on  which  weights  can  be  placed  so  that  the  osmotic  pressure 
due  to  the  difference  in  concentration  of  the  two  solutions  is  balanced  and 
the  system  is  in  equilibrium.  A  further  weight  is  then  placed  on  the  piston  ; 
the  result  is  that  water  is  driven  out  through  the  membrane,  so  that  the  osmotic  - 
pressure  is  raised.  In  doing  this,  the  weight  falls  through  a  certain  height,  tfans 
dmng  a  d^nite  amount  d  work  on  the  solution.  If  the  added  weight  is 
removed  again,  water  will  enter,  raising  the  original  weight  and  so  doing 
external  work.  We  see  thus  that  solutions,  like  gases,  possess  volume  energy, 
which  can  be  taken  in  or  given  out. 

An  important  physiological  application  of  this  foct  is  that,  when  a  secretioo, 
8  a  eh  as  urine,  is  formed  at  a  higher  osmotic  pressure  than  the  blood,  work  must 
be  done,  and  that  the  woric  can  be  calculated. 

OSMOTIC  PRESSURE  AND  VELOCITT  OF  REACTIONS 

In  the  inversion  of  cane-sugar  by  acid,  when  concentrated  solutions  are  takm, 
the  rate  is  found  to  be  not  in  accordance  with  the  law  of  maas  action,  '*that 

the  rate  of  diange  is  proportional  to  the  active  mass  of  the  substance  taking 
part  in  the  reaction."  Thnt  i^-,  if  we  understand  bv  "active  mass"  the  actual 
concentration  in  gram-molecules  per  litre.  But  Arrheuius  has  shown  (1899)  that, 
if  we  substitute  for  active  mass,"  in  the  above  statement^  the  words  ** osmotic 
pressure,"  the  experimental  results  agree  with  the  hiw.  As  Mellor  (1904,  p.  2S3) 
puts  it:  "The  osmotic  pressure  of  cane-sugar  in  solution,  kept  at  a  OQHStant 
temperature,  is  proportional  to  the  number  of  collisions  of  the  sugar  molecule 
with  tlie  'semi-permeable'  wall  of  the  containing  vessel.  Again,  the  amount 
of  sugar  inverted  in  unit  time  will  be  proportional  to  the  number  of  collisions 
of  the  sugar  molecule  with  the  molecules,  or  rather  the  ions,  of  the  acid.  But 


ft 
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the  amount  of  acid  in  the  solution  is  constant,  and  consequently  the  number 
of  collisions  of  the  molpcules  of  sugar  with  the  molecules  of  the  acid  will 
be  proportional  to  the  osmotic  pressure  of  the  sugar  molecules.  In  other 
words,  the  velocity  of  the  reaction  will  be  proportional  to  the  osmotic  pressure 
of  the.  sugar  molecules."  As  we  bavejseen,  in  fact,  the  actual  Tolume  occupied 
by  the  sugar  molecules  must  be  taken  into  account^  as  was  pointed  out  by  Cohen 
(1897). 

ILYDRODIFFUSION 

Sul^tanc^  in  solution  always  wander  from  a  place  oi  higher  to  one  of  lower 
concentration.  This  is  known 
as  di^usion**  or  "hydro- 
diflbsioii,"  and,  aooording  to  the 
kinetio  theory,  is  brouf^t  about 
by  the  constant  movement  of 
the  molecules. 

The  phenomena  were  investi* 
gated  by  Graham  (1850),  who 
showed  that  the  rate  varied 
with  the  nature  of  the  sub- 
stance. Later  investigations 
showed  that  the  rate  was 
inverwly  proportional  to  the 
sixe  of  the  molecule,  and  directly 
proportional  to  the  difference  of 
concentration  between  the  two 
places  between  which  diffusion 
was  proceeding. 

In  faot,  the  law  is  coniDletely 
analogous  to  that  soniL'timos  kiiowti 
aa  Newton's  Law  of  Cooling  or,  more 
generally,  *<Law  of  Velooities."  Any 

lM<K'e!*s,  which  is  on  tlie  way  to  an 

2uilibriuai,  beooiue^t  slower  and 
ywer  aa  the  final  state  gets  nearer. 
The  driviiig  for^o  bt'Onit^s  It-i^.s  and 
-  leaa.  The  law  applitss  to  reversible 
oheiliiofti  reaotaens  as  well  aa  to  the 
lraD<«fer  of  heat,  the  flow  f»f  water 
aioQg  a  tube  ooaneotiug  two  linders 
of  water,  and  so  on. 


Fig.  50i  Schbha  to  nxrviBATi  osmotic  wobk. 

Hm  flBrKBder  (C)  hM  aa  aecarately  flttiog^  piston,  and  is  ctoaed 
MliQW  by  «  membrane  aemi-penneahle  as  re^rda  the  solute  in 
8,  The  solution  inside  the  cylinder  becomes  more  concen- 
trmted  than  that  outside  when  the  weight  is  placed  ou  the  top 
of  the  piston.  To  do  this,  tbe  ptaton  with  the  weight  tellSt 
thus  doing  work. 


In  the  caae  of  diflhsioo,  the 
driving  force  is  identical  with 

c^motic  pressure  in  i^lutions, 
and  is  completely  analogous  to 
the  equalisation  of  differences  of 
density  in  gases.  In  the  latter, 
however,  the  process  takes  pkoe 

very  rapidly,  while  in  a  liquid  it  ia  very  slow,  owing  to  the  enormous  friction 
with  which  the  moving  molecules  are  met  in  the  caae  of  liquids. 

It  irt  interesting  to  calculate  this  friction  from  tJie  osmotic  pressure  atxl  the  rate  of  diffusion, 
as  can  be  done  in  a  way  aualogous  to  Oluu  tj  law.  Aooording  to  Nernst  (1911,  p.  152), 
it  require*  a  force  equal  to  the  weight  of  6'7xl00  kg.  to  drive  one  nioleonle  (342  g.)  of 
cane-sugar  through  water  with  a  velocity  of  1  cm.  per  •second.  W<'  realise  somewhat  liow 
slow  a  pure  diffusion  process  must  be.*  The  following  exjjcrimuiit  describetl  by  Cir  ili  im 
(1830,  p.  462  of  the  Collected  Edition)  is  inatructive.  A  glass  cylinder,  11  in.  high,  was  till,  d 
to  one-^ghth  of  its  capacity  with  a  saturated  solution  of  calcium  bicarbonate,  w  hich  also 
ooQtaifiea  200  gr.  of  sodiam  chloride  in  8  cub.  in.  The  jar  was  then  filled  completoly  with 
di^tilh'd  water  in  such  a  way  a-i  n<Jl  to  disturb  tlic  lower  layer,  covered  with  a  ghiss  plate, 
aad  left  to  stand  in  a  uniform  temperature  for  six  months.  &ikinple»  of  different  strata  were 
tfaea  removed  by  a  q^'phon,  and  it  was  found  that  equality  of  conoentrntion  had  not  been 
attained,  evsn  in  so  uMig  a  time.   The  ratio  of  the  concentrations  of  the  sodium  ehloride  in 
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the  top  and  bottom  lajen  was  as  11  to  12,  while  that  of  calcium  bicarbonate  was  as  1  to  4L 
In  another  set  c/t  experiments  (pw  1107  of  Collected  Papers),  it  waa  found  that  in  fburceen  daye 
the  coiioentration  of  sodium  chloride  at  the  top  of  a  culumn  of  127  nun.  was  only  l/'22  of  that 
at  the  bottom,  while  sugar  was  only  iuat  to  be  detected  at  the  top  in  that  space  of  time,  the 
npperinoet  00  g.c.     aolntion  oootftiiMn  only  0*006  g.  of  glnoose. 

The  different  diflusion  rates  of  various  substances  may  give  rise  teuiporarily  to 
considerable  diffiBrenoes  of  OBmoticpresrare  between  two  solutions  in  an  OBmometer, 
evm  when  the  two  solutions  are  actually  of  equal  osmotic  pressure  to  bej^in 
'^vith,  and  separated  by  a  membrane  permeable  to  V)()tli  solutes.  FvMliuin  chlori«le 
disuses  more  rapidly  than  magnesium  8ulphat<^,  so  that,  if  we  t^ike  isotonic  solu- 
tions on  the  two  sides  of  a  membrane  permeable  to  both  solutes,  the  former 
salt  wUl  difluse  through  tibe  tnembrane  faster  than  the  latter,  the  molar  oonom- 
tration  and  osmotic  pressure  of  the  sodium  diloride  solution  will  dfminiah, 
while  that  of  the  magnesium  sulphate  will  increase,  and  water  will  pass  to 
the  latter.  The  differoneo  in  concentration  is,  of  course,  only  tempornry,  but 
may  give  rise  to  considerable  changes  in  osmotic  pressure,- and  is  of  importance 
in  the  process  of  absorption  from  tiie  alimentary  canal. 

When  we  have  a  solution  of  an  electrolyticially  dissodaied  salt  in  oontaot 
with  wat^^r,  if  the  anion  and  cation  move  at  different  rates,  it  is  clear  that 
there  will  bo  n  fliffprence  of  potential  lx't\ve*'n  the  front  Mnd  back  of  the 
advancing  surfact;  ot  the  diffusing  column,  the  taster  muviiig  ions  giving  tlio 
sign  of  their  charges  to  the  front  layer.  Owing  to  electrostatic  forces,  the  one 
set  of  ions  cannoi  outdistance  the  other  set  further  than  their  kinetic  energy 
can  cany  them  in  opposition  to  the  electrostatic  attraction.  (For  the  magnitude 
of  these  forees  see  the  calculation  by  Arrhenius  ou  page  179  below.)  This 
phenomenon  is  a  possible  source  of  potential  differences  in  tissues,  and  will  be 
discussed  later  in  Chapter  XXII. 

OSMOTIC  PHESSUHE  OF  COLLOIDS 

The  oamotb  pressure  of  a  solution  is  found  to  be,  by  whatever  method  it 
is  measured,  in  direct  relation  to  the  molecular  concentration.  If  a  molecule 
is  dissociated  in  any  way,  eieclrolytically  or  hydrolytically,  efich  fraction  acts  as 
an  element,  equivalent  osmotically  to  a  molecule.  Similarly,  if  there  is  association 
of  molecule^  uie  associated  group  behaves  as  a  single  molecule.  The  measurement 
of  osmotic  pressure  is  thus  tlu  most  valuable  means  of  determining  the  actual 
molecular  concentration  of  a  given  solution. 

Rave  we  then  any  reason  to  limit  the  powers  of  giving  an  osmotic  pressure 
to  associations  of  a  small  number  o£  molecules  and  deny  it  to  those  where  a 
larger  number  are  associated,  as  in  colloids  f  Or  at  what  particular  number 
does  osmotic  pressure  cease  t  Some  substances,  moreover,  as  we  saw  in  Chapter  IV., 
owe  their  colloidal  properties  to  the  fact  that  their  single  molecules  or  ions  are  too 
large  to  pas*?  through  parchment  pap*»r.  If  colloids  have  no  osmotic  pressure, 
it  roust  be  denied  also  to  some  molecules,  so  that  we  may  again  ask,  at  what 
molecular  dimensions  does  it  ceaset 

Any  colloidal  solution  which  renuuns  in  permanent  suspension  consista  of 
particles  in  perpetual  Brownian  movement»  precisely  similar  to  the  molecular 
movement  postulated  by  the  kinetic  theory.  Moreover,  as  shown  bv  TVrria 
(page  85  above),  each  particle  possesses  the  same  mean  kinetic  energy  as  a  molecule. 
If,  then,  this  kinetic  energy  is  the  cause  of  osmotic  pr^ure,  it  follows  that 
colloidal  particles  must  manifest  it. 

A  brief  consideration  will  bhuw,  however,  thai  it  cAuuut  be  expected  lo  be  great,  at  all 
events  u  far  as  the  association  uf  molecules  constituting  a  inapMksoid  colloid  are  oonoarned, 
A  true  aolulion  in  deoimolar  concentration  has  an  osmotic  pressure  of  1,702  mm.  of  mercury 
at  0',  as  can  be  seen  from  the  following  calculation.  Ono  gram-molcculu  of  a  gas,  at  normal 
temperature  and  pressure,  occupies  a  volume  of  22*4  litres ;  therefore,  to  oompress  it  to 
one  litre,  the  volume  of  a  •olate  in  molar  eolutrion  requires,  by  Boyle's  law,  a  pressure 
of  82*4  atmospheres,  or  17,0*24  mm.  of  meronry.  But  suppose  that  the  same  number  of 
in<i1<M  ult'9  as  those  in  a  il-  i  iiiinl  ir  solution  arc  aL',L;n>g;iti><l  in  niasses  of  500,  Ihoii  the  solution, 
although  oootaining  the  same  amount  of  total  solid,  will  have  only  iiiXfi  times  the  numfa^ 
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of  active  rieiiunts,  or  e8MtiT«  moUr  Qoocaotoatiop,  and  it*  ottnotio  pMMnm  will  be 

oaly  3-4  mm.  of  mercury. 

In  the  oase  of  snbetraoM  which  ftre  ooUoidal  on  aoocmnt  of  Ute  large  «ize  of  their  tingle 

ni'^lecules,  as  appears  to  be  the  case  with  h»moglobin,  it  is  impossibif  to  obtain  solutions 
of  auy  great  mokr  ounoentration.  Acoordinff  to  its  ooutent  in  iron,  tlte  molecular  weight  of 
ba;niog!obin  is  12,000  to  14,000,  so  that  a  0-01  molar  tolution  would  contain  12  per  oent. 
of  s^)li<l.  ColIuMal  solutions  ol  tttch  ftceogth  cannot  often  be  obtained,  and  a  oecimoUur 
solutiou  wuuld  W  Hulid. 

The  above  considerations  appear  to  me  to  place  a  ditlculty  in  the  way  of  accepting 
Roafs  view  (1912,  1)  of  a  cell  membrane  semi -permeable  only  as  regards  colloids.  Plant 
cells  uanally  contain  solutions  with  an  osmotic  pressure  of  4  t')  atmospheres,  which  is  that  of 
a  0-2  molar  eolution  ;  if  a  protein  salt*  even  of  so  low  a  mfdecular  weight  as  2,000,  is  to  afford 
this  pressure,  a  40  per  cent,  solution  would  be  necessary.  This  is  higher  than  the  t^)tAl 
solid  content  of  protoplasm.  More  ditriculties  seem  to  be  attached  to  this  view  than  to  tliat 
of  a  tme  aemi-permeaDle  membrane,  although  it  is  suggested  as  a  simpler  one.  If  we  are  to 
admit  aemi-permeability  as  regards  glucose,  or  non-electrolyte  OfystaUoidB,  it  it  not  a  great 
step  to  extend  it  to  certain  salts  or  even  acids  and  alkalies. 

The  iirst  clear  proof  that  colloidal  5?olutions  have  a  measurable  osmotic  pressure 
was  giTeu  by  Starling  (1896  aud  1899)  iu  the  case  of  the  coUoida  of  blood  serum. 
A  portion  of  serum  wm  filtered  through  gelatine  by  preasore;  this  filtrmte  contained 
all  ttie  crA'stAlloid  constituents  of  the  serum,  since  gelatine  holds  hack  the  colloids 
onlv.  The  filtrate  was  phiced  in  an  osmometer  with  n  !^clatitie  Trtf^tnbrane,  wlijle 
on  the  other  side  of  the  membrane  a  portion  of  the  untiltered  serum  was  situated. 
Auj  diiiereiice  in  osmotic  pressure  observed  must  be  due  to  diilerence  of  molar 
eoooeDtnttion,  and  this  aipun  tmly  to  substances  in  the  coUddal  state.  A  valae 
of  30-iO  mm.  of  mercuty  was  obtained.  This  is  important  in  ^lataon  to  the 
fonnatioii  of  mine. 

Moore  and  Parker  (1902)  measured  tbe  onnotio  pressures  of  egg-white,  serum,  and  soapa, 

Moore  and  Roaf  (IWT)  those  of  nenini  proteins,  gelatine,  and  gutu  i-'  ii-  in.     }  lufner  ami  Oansser 
(1907),  .mil  P«oa{  U^IO),  indepeudtjutiy,  made  exact  determinations  ol  that  uf  hujmoglubin. 
Saraec  and  Jencic  (1915)  show  that  "soluble  starch"  has  an  easily  measured  osmotic  pressttve. 
The  vftluid>if  "pmtein  studies"  of  Sorengeii  (1917)  oootsin  «  detailed  investigation  of  egg*  • 
albumin  ;  M 'Bain's  paper  (1920)  of  that  of  soaps. 

Some  c'^nfuciiin  has  arisen  as  to  the  genuine  nature  of  the  ONimotic  ]>res'^iife 
ohtained  in  the  case  of  colloidal  solutiouti  on  account  uf  the  ditficuity  of  ensuring 
the  absence  of  electroljtes  or  other  impurities  of  low  molecular  weight.    It  was 
thought  that,  in  some  way,  these  foreign  substances,  although  capable  of  free 
diffusion  through  tbe  membrane,  might  be  held  back  by  the  colloid  and  thus 
afiord  the  osmotic  pressure  oh5«€rved.    Consideration  will  show  that  this  cannot 
be  thp  rase.    If  these  foreign  substances  are  in  chemical  combination  with 
the  coiiuidal  one,  they  are  obviously  part  and  parcel  of  the  colloidal  particles, 
and  not  to  he  reckoned  as  impuritiea.   Even  if  merely  adsorbed,  thev  are  fixed 
for  the  time  on  the  surface  of  the  colloidal  particles,  and  are  inseparable  from  the 
colloidal  elements  to  whose  molar  concentration  the  solution  owes  its  pressure — 
they  are,  in  fact,  not  free  to  exercise  their  own  osmotic  pressure  ;  while  that  due 
to  th^  colloidal  substance  will  rather,  it  anything,  probably  be  slightly  decreased, 
if  the  imparities  are  salts,  owing  to  tiie  increased  aggregation  of  uie  coUoidal 
particles.       again,  these  foreign  substances  are  free  in  solution,  they  will  diffuse 
until  equal  in  concentration  on  both  sides  of  the  membi  ane,  and  therefore  inactive 
osmoticnllv.    There  is,  however,  one  special  ease  to  which  reference  has  already 
been  made  (page  120  above),  where  both  the  colloid  and  the  diffusible  substance 
are  electrolytes.    But  here  the  concentration  of  the  diffusible  salt  becomes  less 
in  tbe  presence  of  the  c<^oid,  so  that  it  leads  to  t^faU  in  the  apparent  osmotic 
pressure.   Diffusible  substances  do  not  account  for  the  osmotic  pressure  of  colloids. 

The  osmotic  pressure  of  iKernoglobin  corresponds  t-o  its  molecular  weight, 
calculaie<l  on  the  basis  of  its  iron  content.    Hiifner  and  Gansser  (1907,  p.  20D). 

Moore  and  Koaf  (1907,  p.  63)  noticed  that  the  addition  of  sodium  hydroxide 
to  a  protein  solution  caused  the  osmotic  pressure  to  rise,  and  interpreted  the 
fact  as  due  to  the  formation  of  a  salt  with  smaller  "solution  aggr^ates"  than 
tli»'  original  protein.  X<j\v,  in  order  to  investigate  the  interestint;  and  important 
pheacuuena  shown  by  eiectrolytically  dissociated  salts,  of  which  one  or  the 
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other  ion  does  not  pass  through  the  membrane,  it  is  better  to  take  salts 
of  which  the  molecular  weight  and  chemical  constitution  are  known,  since 
quantitative  results  are  eajiilv  obtained.  Many  of  the  aniline  dyes  with  large 
molecalar  weight  answer  tnls  raqQuement.  In  the  work  done  W  mysSf 
(1909,  1911),  Congo-red  and  related  dyes  were  found  the  most  useful.  It  is 
necessary  to  devote  some  consideration  to  this  question,  since  the  conditioas 
are  rather  complex,  but  salts  of  this  nature  are  of  frequent  oocurrenoe  in  the 
oellf  and  play  an  important  part  therein. 

The  exact  chemical  constitution  of  Congo-red  is  not  material  for  the  present 
puipose,  except  that  the  coloured  ion  is  the  anion  and,  being  a  sufaetitated  di> 
sulphonic  acid,  combines  with  two  sodium  ions.  The  anion  is,  of  course,  the  one 
to  which  the  parchment  paper  membrane  is  impemieahle.  Measurement?;  of  \ho 
electrical  conductivity  of  these  dyes  show  them  to  be  electrolytically  dissociated  to 
a  con^iiderablo  degree,  so  that  the  question  to  be  answered  is  whether  the  sodium 
ions  are  active  osmotically  when  the  membrane  used  is  permeable  to  them.  It 
might  indeed  be  supposed  that  these  ions  would  pass  through  the  membrane  to 
such  a  distance  that  their  osmotic  pressure  was  balanced  by  the  electrostatic 
attraction  of  the  non-dififusible  ionn  within  the  membrane,  and  that  this  fact  would 
render  ineffective  any  pr^ure  due  to  the  kinetic  energy  of  these  ions  on  the 
o|>posite  side  of  the  membrane.  It  must  be  confessed  that  the  conditions  are 
difficult  to  grasp  in  thought,  but  it  will  be  r«nembered  that  the  Mmotic  pressure 
pnxiuced  hy  the  non-diffusible  substance,  rfm^istini;  <>f  the  anions  and  the  non- 
di8SOciate<i  part  of  the  salt,  shows  itself  in  virtue  of  the  mechanical  constraint 
exerted  by  the  membrane,  which  allows  water  to  pass  through  freely,  while  holding 
back  the  substances  named.  In  a  similar  way,  the  sodium  ions  are  held  back  by 
the  attraction  of  the  opposite  ions,  which  theiQselves  are  held  back  by  the 
membrane,  so  that  the  membrane  itself  must  actually  bear  the  pressure  of  both 
kinds  of  ions.  Or,  to  put  it  in  another  way,  the  pull  of  the  anions  on  the  cations 
could  not  be  effective  unless  the  constraint  of  the  membrane  gave  the  former  a 
support  to  pull  against. 

£xperimental  evidence^  in  any  case,  shows  that  all  the  ions  actually  present 
are  osmotically  active.  Vapour  pressure  measurements  made  by  the  method  of 
Barnfer,  descriDe<l  filvjve  (page  155),  gave  the  same  values  as  dii*ect  measurements 
with  a  parchment  paper  osmometer  (Bayliss,  1911,  p.  233).  Now  this  vapour 
pressure  method  gives  the  total  molar  concentration  of  the  solution,  including  tliat 
of  the  sodium  ions,  and  therefore  the  parchment  paper  membrane  does  so  also.  A 
still  simpler  proof  that  the  di£Fiisible  ions  are  really  active,  is  to  take  the  dye, 
"Chicago  blue,"  in  which  the  anion,  like  that  of  Cmgo  red.  is  a  complex  sulphonic 
acid,  but  in  this  case  tiiere  are  four  sulphonic  acid  groups  in  the  molecule,  so  that 
it  combines  with  four  sodium  ions.  If  the  latter  were  inactive,  the  osmotic 
pressure  with  a  parchment  paper  membrane  would  be  the  same  as  that  of  an  equally 
concentrated  solution  of  Congo-red,  since  the  concentration  of  the  non-diffusibte 
anion  is  identical ;  in  point  of  fact  it  is  found  to  be  double,  hence  the  sodium  ions 
play  their  part. 

The  matter  is,  however,  not  quite  so  simple.  Although  all  the  ions  that  are 
present  must  be  osmotically  active^  the  numerical  values  of  the  osmotic  pressure, 
whether  measured  directly  or  by  vapour  pressure,  are  much  less  than  would  be  tliB 

case  if  the  dissociation  were  of  the  usual  simple  kind  of  such  an  inorganic  salt  as 
sodium  chloride.  The  reason  for  this  has  not  yet  been  satisfactorily  made  out,  Imt 
there  seems  to  be  no  doubt  that  it  depends  on  the  formation  of  complex,  aggregated 
ions.  The  remarkable  fact  is  that  electrical  conductivity  measurements  give  no 
evidence  of  a  less  total  number  of  charges  than  if  no  aggregation  existed.  The 
complex  ions  appear  to  possess  the  same  number  of  charges  as  if  their  constituents 
were  free. 

The  way  in  which  the  electrostatic  forces  at  the  membratn^  i?itluence  tiie 
distribution  of  diffusible  salts  between  the  two  sides  of  tlie  membrane  has  been 
referred  to  above  (page  1 20).  It  is  found  that,  suppose  the  dye  is  a  sodium  salt,  and 
the  diffusible  salt  is  sodium  chloride,  the  distribution  is  such  that  there  is  always 
less  of  the  sodium  chloride  within  tlian  without.   The  explanation  is,  no  douGt, 
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that  in  equilibrium,  there  must  always  be  equal  conceDtration  of  noii-diss<xiated 
sodium  chloride  on  both  sides,  since  it  is  fr^y  diffusible  and  there  are  no 
electrcwtatic  forces  to  prevent  its  equal  distrihntion.  To  ensure  this,  the  total 
amount  of  sodium  chloride  present  must  be  less  inside,  on  account  of  the  fact  that 
its  diH,«ociation  is  low  err  i  V>y  the  presence  ol  an  ion  (Na*),  which  is  common  to  the 

two  ^i\\iH  within  the  iueini)rane. 

At  tij-st  sight  it  beenib  strange  that  salU  which  have  no  ion  in  common  with 
the  <l^-e  are  alw>  affected  in  the  same  way.  The  reason  is  that,  when  eouilibriom 
is  established,  there  are  present,  inside  and  out,  both  kinds  of  the  diffusible  cation 
in  the  same  rntio.  Tlie  layer  of  Na*  ions,  arising  from  the  dissociation  of  the  dve 
salt,  and  situated  on  the  outside  of  the  double  layer  at  the  membrane,  must  not 
be  thought  to  be  composed  of  the  same  individual  ions — there  is  perpetual  inter- 
change with  those  in  the  body  of  the  solution.  Suppose  now  we  place  a  solntion 
of  potassium  chloride  outside ;  the  sodium  ions,  since  they  are  kept  in  place  merely 
by  virtue  of  their  positive  charges,  will  naturally  interchange  with  potassium  ions 
of  t^he  outer  solution,  so  that,  to  begin  with,  the  outer  layer  at  the  membrane  will 
coui>ii$t  of  both  K'  and  Na*  ions ;  these,  in  their  turn,  interchange  with  the  Na* 
ions  in  Uie  solution  within  the  membrane,  so  that  finally  there  idll  be  the  same 
relative  distribution  of  total  diflusible  salt  as  if  sodium  chloride  had  been  taken. 
Natnially  there  will  also  be  present  a  certain  proportion  of  the  potassium  salt  of 
the  cive  in  place  of  a  part  of  the  sodium  s«lt  oHcnnallT  pres*»nt.  An  important 
point  to  be  noticed  is  that  the  ratio  of  sixlium  to  potaiiiiuni  will  be  the  same  inside 
and  outside,  vls  indeed  1  have  found  experimentally  to  be  the  case.  It  follows, 
as  already  pointed  out,  that  a  membrane  impermeable  merely  to  colloids  will  not 
aocoant  tor  the  unequal  ratio  of  sodium  and  potassium  insklie  and  outmde  the  red 
bloo<l  corpuscles.    The  membrane  must  be  impeimeable  to  these  alsa 

This  fomtation  r.f  a  double  layer  at  the  mtinhrane,  as  pointed  oiit  l)y  Laqueur  and  8ackur 
<l'MXi,  p.  203),  should  give  rise  to  a  eonsiderable  ditference  ot  polential  between  the  two  eides 
of  the  membrane.  Theoretical  considerations  show  that  it  will  be  expredsed  by  ths  Muns 
formal*  as  that  deduoed  by  Nemtt  for  the  potential  of  metallio  eleotrodM,  vis.  t— 

^log^. 

where  R  and  T  have  their  tuual  •tgnifie«uice,  q  ia  the  charge  on  one  ^m^equivvlent  of  the 

diffuBiMe  inn  concertu'd,  n  is  the  numV>fr  of  tht^r  gram-equivalciits.  c.^  is  the  concent mt inn  nf 
this  ion  inside  the  membrane,  and  c,  itji  concentration  in  the  outside  aolution.  Direct  moasure- 
toetite  made  by  myHelf  (1911,  pp.  243-248)  ooofinn  the  oofrectneas  of  the  formula  as  applied  to 
fht'  cast'  in  ([uestion.  The  reader  w  ill  tecogniBe  this  formula  an  l>«  ing  the  same  m  that  for  the 
laothermal  compr^ion  of  a  gas  or  the  concentration  of  a  solution,  the  only  diflerence  being 
tliat^  as  we  are  dealing  with  electric  charges,  we  have  to  introduce  9,  in  order  to  give  the 
correct  numeriral  valut  s  to  our  n-sult.  In  other  wortlp,  the  number  in  gram-equivalents  of  the 
ordinary  formula  has  to  be  changed  into  the  number  of  charges  on  these  gram-equivalents. 
R»  the  gas  constant,  must  also  be  expressed  in  electrioal  units.  The  way  io  which  the  fonnala 
is  obtained  ie  described  below  (Ch^ter  XXIL). 

It  is  not  to  be  forgotten  that  the  results  given  in  the  present  section  apply  not 
only  to  rlve!^,  but  to  all  .salts  (if  which  one  ion  is  held  back  by  a  membrane, 
permeable  to  the  opposite  ion.  They  apply  to  salts  of  proteins  and  also  to  non- 
colloidal  electrolytes,  if  the  membrane  is  impermeable  to  one  only  of  their  ions. 
Tlds  latter  case  has  heen  discussed  hy  Ostwald  (1890).  The  considerations  with 
regard  to  interchange  of  ions  foriii  also  the  explanation  of  the  experiments  of 
W,  A.  OslxMrne  (190C)  on  the  interchange  of  ions  between  colloids  and  salts, 

Since  dyes  of  the  molecular  weight  (jf  Congo-red  give  considerable  osmotic  pressures, 
owing  to  the  fact  that  their  molecules  are  only  just  sufficiently  large  to  be  unable  to  pas« 
throagh  parchment  paper,  they  form  very  useful  substances  for  the  investigation  of  many 
problems  relating  to  osmotic  pressure.  The  difficulty  of  preparing  reliable  copper  ferrocyanidle 
membranes  is  avoided.  A  Uf»l  muUii  holutiuri  of  Congo-red  has  an  osmotic  pressure  of 
170  mm.  of  mercury,  and  that  of  Chicago-blue  is  nearly  double.  There  is  one  practical  point 
to  be  tAken  care  about,  if  permanent  readings  are  to  be  expected,  when  dyes  with  an 
indivisible  anion  are  made  use  of.  The  free  add  is  inaoluble,  and  althougl\  it  forme  a 
colloidal  solution  when  free  from  •  ler  lrol\ tes  it  \h  precipitated  by  traces  of  them.  If  the 
outer  water  ie  expoeed  to  the  air,  it  w  ill  absorb  carbon  dioxide ;  this,  being  difitwible,  obuins 
scoees  to  the  interior  of  the  osmometer,  and,  atthongh  a  weaker  acid  than  that  of  the  dye, 
it  will  slow I3' decompose  the  salt,  ni  i^-i  .k  ti'Ui.  i»wjng  to  the  pr<  (  ipitatinn  of  Uic  f :  i  r  n.  id 
•rat  of  solution,  while  the  sodium  carbonate  diffuses  away  to  the  outer  water.    The  fact 
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itaelf  WM  notioed  bj  Graham  (1881,  p.  217}  in  connection  with  tiie  aodUnm  aalt  of  aHmraen,** 
where  it  was  found  lhat  all  the  soditim  rltflfused  away  in  proee-is  of  time  and  was  f'juiid  in  the 
outer  water  in  cooibination  with  carbou  diuxide  derived  trum  the  air.  The  same  thing 
happens  with  the  salts  of  caaeinogen.   It  in  necessary  to  ^ive  this  warning,  since  rarioQs 

inC'iiTPCt  statements  have  been  made  on  the  basis  of  experiments  in  which  thi^  factor  w*.s 
ignored.  It  is,  for  example,  no  proof  of  hydrolytic  dissociation  when  sodium  is  found  to  hare 
luffiuedont. 

The  osmometer  of  Moor©  and  R  if  (1907),  with  the  additions  described  by  mys#it 
(UK)9,  i.  p.  271),  will  be  found  nuiuble  for  the  investisAtion  of  colloidal  solutions.  Ttw 
platinum  lining  ia  rarely  necessary ;  it  will  be  fonnd  tumoient  to  have  the  inside  electfo- 
gilt.   The  memhraoe  may  be  of  parohmeni  paper,  or  of  this  impr^piatod  with  geUtine, 

collodion,  etc. 

Many  proteins,  as  we  have  seen  (page  104  above),  tak^  up  water  by  iinbibuioiu 
In  theory  it  would  seem,  therefore,  when  a  oortain  molar  solution  is  made,  that 
the  solution  is  really  more  concentrated  than  was  intended,  owing  to  the  takiof 
up  of  water  by  the  colloid,  which  water  is  then  no  lonirer  free  aa  solvent.  The 

o^nvitic  pressure  would,  fnr  tliis  roason,  }>o  highor  tli  in  tho  tln/f (rotifal  one.  Tt 
is  uitiicult  to  .state  how  far  this  is  actually  the  case,  .since  we  are  so  tuucii  in  the 
daik  iis  to  the  true  molecular  weight  of  proteins.  The  case  of  hsemoglobin,  whicli 
has  an  osmotic  pressure  in  agreement  with  its  molecular  weight,  suggests  that  the 
^fect  of  imbibition  is  negligible.  Some  measuretnents  of  the  osmotic  pressure  of 
the  «;orlium  salt  of  caseinogen  made  hy  myself  ( 191 1,  i.  p.  234)  agree  with  the  nirilw- 
ulai-  weiLrlit  assigned  by  Laqueur  and  Snckur  (1903,  p.  199).  It  may  be  th.it, 
although  each  molecule  of  tiie  protein  takes  up  a  considerable  number  of  water 
molecules,  the  total  nnmber  of  protein  molecules  present  is  too  small  to  aflect 
appreciably  the  molar  fraction  of  the  water,  which  is  always  present  in  excess. 
Pauli  (1910,  p.  48.')  ),  however,  is  of  the  opinion  that  the  process  of  imbibition  plays 
an  iinptn-tant  pai't  in  the  apparent  osmotic  pressure  of  proteins. 

8ince  the  manifestation  of  osmotic  pressure  is  an  aspect  of  the  kinetic  energy  of  particles 
in  motion,  which  also  shows  itself  in  the  power  of  diffusion  through  a  liquid,  it  is  hiterestiiii^ 
to  nnto  that  Svedbern;  (ivforred  to  by  Arrhcnius,  1912,  p.  27)  found  that  a  certain  .."'I'l 
hydrosol  had  a  ditifusiuu  cuubtant  of  0*27  per  day  ;  in  the  same  units,  chlurine,  bromwe,  and 
iodine  have  respeotively  values  of  1-22,  0*8,  and  Q  o.  There  is,  then,  more  difference  between 
the  rates  of  chlorine  and  iodine  than  between  those  of  iodine  and  of  gold  particles.. 

RELATION  TO  CELL  PROCESSES 

* 

Living  cells,  as  we  saw  in  the  previous  chapter,  are  surrounded  fay  a  semi- 
permeable membrane,  so  that  it  is  obvious  that  the  osmotic  pressure  of  the 
solution  outside,  compared  with  their  own  osmotic  pressure,  is  of  great  importance 

in  many  ways. 

The  osmotic  pressure  in  the  interior  of  such  an  orj^nism  as  an  Ama'ba  must  be  higher  than 
that  of  the  frosh  water  in  which  it  lives.  Hence,  jf  the  cell  is  covered  by  a  semi -permeable 
membrane,  water  is  continually  being  taken  up  into  its  substance.  Aeoording  to  StempeU 
{Zwd.  JvM.  Ahk  2ool.t  xxxiv.  (1014)  pp.  437-478),  it  is  the  funeUoa  of  tne  contraotile 
vacuoles  of  these  organisms  to  get  rid  of,  periodioaUy,  the  water  which  has  entered  in  this  way 

Tliere  is,  we  nmy  note  in  the  next  place,  an  important  difference  betweeo 
vegetable  and  animal  cells.  The  former,  surrounded  by  a  tough  cellulose  envelope, 
are  unnally  surrounded  by  watt  r  or  by  a  con:4iderably  hypot<mic  solution  ;  in  thi^ 
way  their  internal  osmotic  pre.saure  is  uacumpensated  and  muintaiiH  a  state  of 
tei:»ion  or  **  turgor  "  in  the  cell,  serving  to  keep  up  the  more  or  less  rigid  coiiditioD 
of  living  plant  stractares  necessary  for  their  satisfactory  exposure  to  air  and  light 

Annual  o^h,  on  the  contrary,  are,  as  a  rule,  free  t<j  change  their  dimen.siuns 
by  takiriLi  oi  ^a\  iiig  up  water.  In  unler  that  they  may  remain  in  a  normal  .state, 
theit!t'oie,  they  must  be  surrounded  by  an  isotonic  solution.  Now,  any  substance 
in  appropriate  concentration  will  roalce  an  isotonic  solntion,  provided  that  the 
cell  membrane  is  imperm^ble  to  it.  On  the  other  hand,  there  are  very  few 
substances  which  have  no  action  on  the  cell  l)eyond  that  due  to  their  osmotic 
pressure.  '  Perhaps  cane-sugar  lias  the  least  ncion.  htit.  as  we  saw  alx>ve  (pajje  1'25), 
it  is  not  a  completely  indifferent  substance.  Tiie  eflects  of  solutions  which  are 
merely  due  to  their  osmotic  pressure  are  accordingly  rather  difficult  to  investigate. 
In  certain  cases,  however,  the  state  of  affairs  is  quite  clear. 
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Wc  may  take  first  an  interestixiL'  fad  discovered  by  Dale  (1913).  The  nterua 
of  the  guinea  pig  is  a  very  uaefor  prepaimtion  for  researches  on  the  action  of 
dnigs  on  smooth  mutcls  tissue.  When  suspended  in  isotonic  saline  solution 
(Ringer's  fluid),  it  responds  by  contraction  to  tlie  addition  of  various  drugs, 
e.g.,  /i-irninazolylethylamine.  Suppose  that  the  concentration  of  the  solution  in 
sodium  chloride  is  raised  from  the  normal  0*9  per  cent,  to  I'l  per  cent.,  the 
response  is  greatly  decreased  and  is  practically  abolished  at  13  per  cent.  Ji 
the  osmotic  pressure  is  raised  by  isotonic  quantities  of  sodtnni  snlphate  or  cane* 
sugar,  the  effect  is  identical,  so  that  it  appears  to  be  one  of  tonicity  alone. 
Tht^  reverse  action  may  be  produced  by  dilution,  even  from  0*9  per  cent,  to  0  85 
per  cent,  so  that  the  re^ipouse  to  stimulant  drugs  is  markedly  increased.  Dilution 
with  isotonic  cane-sugar  has  no  effect,  but  urea  solution  acts  as  pure  water, 
since  the  cells  are  permeable  to  it^  When  the  action  of  a  drug  is  to  produce 
relaxation  of  a  tonic  state^  as  in  the  case  of  adrenaline  on  the  virgin  uterus  of  the 
cat,  the  effect  of  ina-""'"'  of  osmotic  pressure  is  to  increase  the  inhibitorv  action 
and  of  decrease  of  osmotic  pressure  to  dimimsh  it.  The  tonu^  itself  is  also 
inhibited  by  riise  of  osmotic  pressure  and  mcreased  by  addition  of  water. 

We  have  ahready  disouned  briefly  the  two  typical  cases  of  the  cells  of  iha 
kidney  and  of  striated  muscle,  as  investigated  respectively  by  Siebeck  (1912) 
and  by  Beutner  (1912,  1913).  The  volume  of  the  cellft  was  found  to  be  inexact 
relationship  to  the  osmotic  pressure  of  the  -soluticm  outside  them. 

Diminution  in  the  volume  of  cells  by  loss  of  water  must  have  the  eflfoct 
of  inerttuiiig  Ae  internal  ixnemtroHon  of  substanoes  to  which  the  membrane 
is  impomeable.  By  mass  action,  reactions  of  which  these  substances  are 
components  will  be  accelerated,  and  increase  in  volume  by  absorption  of  water 
will  retard  such  reactions. 

An  intereattnft  case  is  that  of  yeast.  The  cells  of  this  <H:gaaisro,  owing  to  the  store  of 
^ly>  ogen  which  uiey  contain,  tmdergo  a  proceM  of  avto-femimtation,  the  enxymea  prasent 
jicting  on  the  glycogen,  first  to  form  sugar  and  then  to  convert  it  to  alculml  and  carbon 
dioxide.  It  was  found  by  Harden  and  Paine  (1911)  that,  if  the  cells  are  placed  in  solutions 
whieh  oanse  plamolyais,  the  rate  of  auto^fermentation  is  greatly  inereased,  no  doubt  by 
ini  rtvii^e  of  concentration  both  of  enzynR-.s  and  of  .substrate.  Solutions  of  vat  iims  Hubstam  os. 
if  their  osmotic  pressure  was  the  same,  caused  equal  iiicrmse.  If  no  plasmolysis  resulted, 
either  beeanse  the  solatioa  was  isotomo  with  the  eeU  oontsnti,  or  becanae  the  out  membnuie 
was  permeable  to  the  lolntei,  as  urea,  no  eflbct  was  obtained. 

Perhaps  one  of  the  most  obvious  phenomena  in  which  osmotic  pressure  plays 
a  part  is  that  of  secretion.  Let  us  imagine  a  vertical  tube,  closed  at  the  lower 
end  by  a  semi-permeable  membrane  and  open  at  the  upper  end.  Let  it  be 
filled  with  a  bolution  of  cane-sugar  and  placed  with  its  lower  end  in  water. 
Water  will  enter  the  tube  by  osmosis  and  cause  a  contijiuous  flow  of  liquid 
over  Uie  top  as  long  as  any  osmotically-actlTe  substance  is  present  inside  it. 
Tt  will  dearly  tie  without  efect  on  the  result  if  the  top  of  the  tube  is  closed 
bv  a  permeable  membrane,  or  even  by  a  membrane  through  which  cnne-?«u5rar 
can  [ijiss,  however  slowly,  so  long  as  it  passes  more  quickly  than  through 
the  semi  •  permeable  membrane  at  the  other  end.  If  Huch  a  tube,  with  a 
permeable  membrane  at  one  end  and  a  semi-permeable  membrane  at  the  other 
end,  be  totally  immersed  in  water,  or  a  solution  of  less  osmotic  pressure 
than  that  contained  inside  it,  a  current  will  flow  through  it,  carrying  out 
the  solute,  until  the  osmotic  pressure  is  equal  inside  and  outside. 

A  roocbanism  of  this  kind  eidsts  in  certain  organs  of  plants,  in  which  diops  of  waterv 
ieeretion  are  formed  at  the  apex  of  a  column  of  oellt.  These  organs  are  known  as  ''hydathodes^ 
and  the  cells  have  been  show  n  1>y  plasniolytic  methods  to  increase  in  oTiiotic  pressure  as  the 
apex  is  approached  (Lepeschkinj  1906}.  The  aerial  bvphte  of  the  fungus  PUoboius,  which 
secrete  drops  at  their  tips,  have  been  also  investigateo  by  Lepesehkin  (IfiO0)  and  a  similar 
meduHiism  found. 

The  pbemmienon  of  bleeding  at  cut  ends  of  stems,  or  root  prtamre,  recdves 

its  explanation  in  a  similar  manner.  The  liquids  in  the  root  havo  a  higher 
osmotic  pressure  than  the  very  dilute  solution  in  the  soil,  and,  since  the  <  »'ns 
are  providetl  with  semi -permeable  membranes,  a  tiow  of  liquid  takes  place  as 
in  our  glass  tube  model. 
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An  important  series  of  papers  has  been  published  by  Demoor  aod  his 
coadjnton  (1907)  on  the  relation  of  tteretory  organs^  sach  aa  the  liver,  Iddnej; 

and  submaxillary  gland,  to  the.  osmotic  pressure  of  the  li<|ui(l  perfusing  their 
blood  V€8sd8.  Tlie  discussion  of  some  of  tliese  facts  will  be  found  in  Chapter  XT.  J 
in  this  place  one  or  two  suggestive  points  only  will  l>e  referred  to. 

The  cells  lining  blood  vessels,  like  other  living  cells,  are  nu  doubt  subject  to 
changes  of  volume  in  response  to  change  in  the  oemotie  prefisure  ol  the  Uood.  ; 
Acoording  to  Demoor,  the  effect  of  this  change  in  volume  will  be  to  alter  the  i 
lumen  of  tbevessel,  so  that,  other  things  being  equal,  a  fall  in  the  osmotic  pressure  of 
the  Mood  causes  a  swellinir  "f  tlie  linin!^'  cells  of  the  blo*xl  vessels  and  a  consequent 
nanowmg  of  the  lumen.  This  tact  has  special  application  to  the  function  of  the 
kidney.    In  the  case  of  the  liver  p.  32)  it  was  found  that  the  rate  at  i 

which  1'5  per  cent  aodium  chloride  paased  through  was  greater  than  that  of  1 
0*^  per  cent.,  while  0'9  per  cent,  was  interm^iate.  A  solution  of  a  conoent ration  1 
of  0*6  per  cent,  became  more  concentrated  and  one  of  1  -5  per  cent,  became  diluted  ; 
in  its  course.  So  that  it  is  clear  that  the  cells  take  up  water  from  a  hrpotoni''  ; 
solution  and  that  the  swelling  so  caused  obstructs  the  circulation,  and  vice  ver^a.  ' 
How  far  the  efliset  is  due  to  the  liver  cells  themselveB  and  <how  fiir  to  the  lining  | 
cells  of  the  blood  vessels  is  not  quite  clear,  but  it  seeme  probable  that  tiie  former  | 
is  the  chief  factor.  We  call  to  mind  that  the  liver  capillaries  send  branches  : 
into  the  substance  of  the  liver  cells  (Bchttfer,  1902),  so  that  ihv  cupillaries  are  i 
devoid  of  walls  in  certain  places.  The  reactions  described  disappear  when  the  i 
semi-permeability  of  the  cells  is  destroyed  by  sodium  fluoride. 

Similar  phenomena  were  found  in  the  pulmonary  circulation  (page  .50),  and  it 
seems  probable  here  tliat  chanj^^es  in  the  volume  of  tho  lining  cells  of  the  Uood 
vessels  might  play  the  chief  part. 

In  the  kidney,  we  meet  with  the  same  facts  as  regards  the  rate  of  flow  of 
blood.  The  rate  of  secretion  falls  also  with  hypotonie  solutionfl  and  riaes  with 
hypertonic,  as  had  been  observed  by  Starling  (1899).  But  investigationa  on 
the  changes  of  volume  of  the  kidney  show  that  the  organ,  as  a  whole,  8tix!U 
when  a  hypertonic  solution  is  perfused,  and  vice  ver'«;a  (page  C9)  Owing  to  the 
complexity  of  the  factors  involved  here,  discussion  of  the  question  wiU  best 
be  postponed  to  Chapter  XI. 

We  have  seen  why  it  is  necessary  for  animal  cells  to  be  in  contact  with  a 
liquid  of  tiie  same  osmotic  pressure  as  themselves.    Tliere  is  evidence,  nMNeover, 
that  when  exposed  to  the  action  of  h  liquid  of  a  different  osmotic  pressure, 
they  are  able  to  nccommodnte  tlieinselves  to  a  certain  extent  bv  change  in  , 
their  own  osmotic  concentration.    For  example,  it  appears  thai  tiie  cambium  i 
cells  of  trees,  as  the  external  pressure  upon  them  increases,  produce  oemotically-  | 
active  substances  in  order  to  raise  their  own  osmotic  pressure. 

The  horh/  fill  id indiKlinir  the  bloorl,  of  marine  invertebrates,  have  the  same 
osmotic  pressure  as  ihv  ?>ea  water  lu  which  thev  live,  as  shown  by  Bottazzi  (1897). 
Maia  verrucosa^  a  crustacean,  for  example,  is  placed  in  concentrated  or  diluted 
sea  water,  and  it  is  found  that  the  body  fluid  takes  the  same  osmotic  pressure  as 
the  solution;  the  following  data  from  ^Vedericq's  papw  (1901)  w^  show  tbb}— 


&  of 

Sea  Water. 

Body  Fluid. 

Normal       .      -  - 

CoDctJDtrated 

Dilated 

2*8 

2-06 

I'Sg 

Degrees. 

2-94 
1-4 

The  regulation  is  apparently  effected  through  the  cells  of  the  gills.  Since  the 
changes  in  question  do  not  permanently  affect  the  animal,  it  is  plain  that 
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the  cells  must  have  altered]  their  own  osmotic  prMSora  to  oompentate  for 
the  chaniTP  in  that  of  the  l)ody  fluid. 

The  same  behaviour  is  shown  by  the  lower  lish,  tlie  Selachians.  But, 
we  ascend  the  scale  of  evolution,  we  find  that  the  blood  is  maintained  at  a 
rx-arlj  constant  osmotic  pressure   by  regulative  meidianiBins.     'J  he  following 
valoea  from  Bottazzi's  article  (1908)  apply  to  marine  organisms:— 

Selachian  fir^h  -  -  •  a  =2" -20 

Teleostean  lish  .  .  .  „  r-04  U  76 

Reptile,  tmtk-  .  .  .  „  0 -tU 

Mammal,  whah  -  -  „  0°-a«M>*''7 

Tn  the  Teleostean  fish  we  hnd  the  regulative  mechaTii'4!ii  m  ptvxjess  of  develop- 
luent.  Dakin  (1908)  found  that  the  depression  of  the  free/uig  point  of  the  sea 
water  at  Kiel  was  1  '09,  while  at  Heligoland  it  ha<i  risen  to  1  'U ;  correspondingly, 
that  of  the  hlood  of  the  ray  (a  Selachian)  rose  in  agreement.  That  of  the  plaice 
(a  Teleostean),  on  the  contrary,  had  risen  from  0**66  to  O'  S  only,  ia.,  by  20  per 
cent-,  while  that  of  the  \vater  had  risen  by  74  per  cent.  The  cod  is  still  more 
independent  of  the  medium  ;  when  the  A  tlie  sea  water  rose  from  1°*2  to  l^'d, 
that  of  the  cod  only  rose  from  0  '73  to  0°"757,  by  3  9  per  cent.  only. 

We  notice  that,  as  the  power  of  osmotic  regulation  becomes  more  manifest  in 
the  animal  scale,  the  A  tlie  blood  tends  to  he  fixed  at  about  0*'6,  which  is  the 
value  of  that  of  the  hii^her  land  vertebrates. 

The  advantage  of  a  fixed  osmotic  pressure  w^ill  be  clear  if  we  remember  that  it 
is  due,  almost  entirely,  to  salts.  Colloidal  systems,  such  as  protoplasm  is,  are 
especially  sensitive  to  electrol  vtes,  as  we  saw  in  Chapter  IV.,  and  fine  adjust- 
ments of  ancb  prooesses  are  tne  more  perfect,  the  greater  the  constancy  of  the 
electrolyte  concentration  of  the  medium  in  which  they  take  place. 

Th-  regulation  of  tIi  osmotic  jirossurt-  of  the  blood  to  a  constant  value  is  shown  in  an 
int«fetiting  way  by  some  observalious  of  Cohnbeim  (1912,  1).  Sweat  oontains  a  considerable 
amooni  of  aidts,  having  a  a  of  about  0^*5,  according  to  Tamgi  and  Tomaainelli  (1908).  Now 
Cohnheim  found  that  he  lost  a  certain  considerable  weight  in  this  manner  by  performing 
a  mountain  aacent  in  hot  weather.  This  weight  could  only  permanently  be  replaced  if  he 
drank  water  containing  sufficient  Mdts  to  replace  tfaow  lost.  Instilled  water  was  rapidly  lost 
agaio  through  skin  and  kidneys. 

EFFECTS  OF  CELL  METABOLISM 

'Die  cliernii  al  changes  a.ssociated  with  tho^e  cell  activities  wfiich  i-esult  in  the 
j»ettin;j;  free  of  energy  usually  consist  in  the  splitting  up  of  large  complex  molecules 
into  a  greater  number  of  smaller  ones,  such,  for  example,  as  the  oxidation  of  one 
molecule  of  glucose  into  six  molecules  of  carbon  dioxide  and  six  molecules  of  water. 
The  osmotic  pressure  of  a  solution  being  in  proportion  to  its  molar  concentration, 
it  is  clear  that,  neglecting  the  water,  the  (I'^motic  pre^suvA  of  a  glucose  solution 
Would  be  raised  to  six  times  its  value.  The  i>earing  of  tills  fact  on  the  formation 
of  lymph  in  active  organs  will  be  beeii  presentlv. 

The  mere  addition  ot  carbon  dioxide  to  hfoorf  lai^es  the  osmotic  pressure  of  the  latter 
considerably  more  than  the  molar  concentrali' m  ot  tlie  added  substance  would  account  for. 
Kov^cs  (1902)  states  that  addition  of  carbon  dioxide  to  rabbit's  blood  raii^es  the  a  in  ten  minutes 
from  (P-eto  0°'72.  The  effect  is  due  to  a  complex  reaction  with  the  salts  of  blood,  which  will 
be  dieeuaeed  in  the  next  chapter. 

LYMPH  PBODUCTION  AND  ABSORPTION  FROM  TISSUE  SPACES 

It  is  rarely  that  the  blood  vessels  lie  in  immediate  contact  with  the  tissue 
cells,  whose  food  requirements  the  blood  supplies  and  the  products  of  whose 

metabolic  changes  it  carries  away.  Ther»'  intt^rvenes  a  space,  of  varying  dimen- 
sions, containing  a  tluid,  the  lymph,  whose  composition  ia  very  similar  to  that  of 
the  blood,  minus  its  red  corpuscles,  although  usually  containing  lebs  protein.  This 
lym|A  is  being  produced  continually  at  a  more  or  less  rapid  rate  bj  transudation 
from  the  blood  yesaels*  and  carried  back  to  the  blood  by  means  of  the  lymphatic 
jessels.  Filtration  is  one  of  the  factors  concerned  in  its  production,  since  the 
iatFa?ascular  pressure  is  greater  than  that  in  the  tissue  apac^;  but  Starling 
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(1S96  and  1920)  has  insisted  on  the  importance  of  osmotic  })rocesses  in  addition. 
It  is,  iu  fact,  clear  that  a  line  in  the  osmotic  pressure  of  the  lymph,  however  this 
rise  ia  produced,  will  result  in  the  passage  of  water  from  the  i>lood  to  the  lymph, 
and  an  increaae  in  the  volume  present.  We  see  then  why  the  amount  of  lymph 
fl(nv  from  an  organ  is  increased  by  activity  of  that  organ.  The  energy  requii^ 
for  activity  is  afforded  by  chemical  processes  wTiirli  result  in  the  production  of  a 
larger  number  of  small  molecules  from  larger  ones,  witli  a  consequent  incit^se  in 
the  molar  concentration  and  osmotic  pressure  of  the  contents  of  the  cells.  These 
metabolic  {noducts  difluse  from  the  cells  into  the  lymph  surrounding  them,  thi» 
raisii^  its  osmotic  pressure  above  that  of  the  blood,  with  the  result  that  water 
passes  from  the  latter  to  the  lymph  and  causes  an  increase  in  its  volume 

Lympli  contains  only  ab<:»ut  half  the  protein  content  of  blood  plasma,  and  the 
blood  vessels  may  be  considered  to  be,  normally,  impermeable  to  the  colloids,  like 
the  renal  glomeruli  Thus  there  is  an  eflfective  osmotic  pressure  of  about  half  that 
of  the  colloids  of  blood,  in  fact,  about  15  to  20  mm.  of  mercury.  Where  tihe  blood 
pressure  is  higher  than  this  value,  there  is  filtration  to  the  tissue  spaces.  Nearer 
the  venous  end  of  the  capillaries  the  blood  pressure  is  lower  than  the  effective 
osmotic  pressure,  so  that  fluid  is  attracted  in.  In  normal  conditions,  the  two 
processes,  with  the  assistance  of  the  flow  along  lymphatic  v^els,  are  balanced. 
If  the  osmotic  pressure  of  the  Uood  colloids  falls,  as  in  hydremia,  theeifective 
filtration  pressure  is  increased,  and  the  length  of  the  path  alongWhich  filtration 
occurs  is  longer.  Added  to  this,  thf  ( »smotic  pressure  leading  to  reabsoVption  is  lower, 
SO  that  less  duid  is  t-aken  up  again.     Ihe  two  causes  comV)ined  result  in  axlema. 

When  the  arterial  pressure  falls  from  loss  of  bloo<i,  filtration  is  less,  whereas 
reabsorption  is  unchanged,  since  the  osmotic  pressure  of  the  blood  colloids  is  at 
first  undiminished.  Reabsorption  thus  surpasses  filtration,  and  fluid  is  added  to 
the  blood,  tending  to  restore  its  Tohime  (see  also  StarUng,  1896,  p.  321). 

It  will  be  clear  that  the  above  considerations  play  an  important  part  in  deter- 
mining the  nature  of  an  appropriate  fluid  to  replace  blood  lost  by  haemorrhage,  or 
to  dilute  it  when  concentrated  by  hjss  of  water  or  plasma  (^Bayliss,  1916). 

The  observations  of  Yanagawa  (1916)  on  the  action  of  drugs  on  lymph  flow 
should  be  consulted. 

UsB  OP  THE  Expression  "Osmotic  Pressubb" 

It  is,  perhaps,  well  to  make  a  few  remarks  with  respect  to  the  view  held  by  BOTne  that 
osmotic  pressure  only  exists  in  the  presence  of  a  semi-permeable  membrane.  \i  liiis  is 
we  are  incorrect  in  speaking  of  the  osmotic  pressure  of  a  solution  under  any  ctconauitance« 
except  those  in  which  it  is  separated  from  pure  solvent  by  means  of  a  membrane  impermeable 
to  solntefl.  When,  therefore,  that  property  of  a  solution  which  would  cause  it  to  show 
osmotic  pressure  under  these  special  circumstances  ii  determined  by  eome  other  raethad, 
such  a«  freezing  point,  another  name  must  be  used. 

It  is  clear  that  such  a  practice,  although  perhaps  in  affreement  with  the  original  meaning 
of  osmosis  as  used  by  Dutrochet,  would  give  rise  to  much  inconvenience,  and  even  confusion. 
We  need  a  word  to  express  the  total  concentration  of  a  solution  in  such  elementa  as  act  aa 
molecules  in  the  sense  of  Avogadro's  faw,  since  the  molar  concentration  does  not  afford  the 
infoi riiiitiou  in  the  case  of  electiulytes  and  colloids.  Tt  seems  to  me  that  we  are  qoito 
justified,  even  iu  theory,  in  speaking  of  the  osmotic  pressure  of  the  blood,  for  example, 
withont  any  reference,  even  in  thought,  to  a  semi  •permeable  membitme.  We  mean  to  express 
th'ise  properties  conferred  by  the  Kim-tio  energy  of  the  molecules,  or  elements  etjuivaleni 
to  them,  of  the  solutes.  In  the  presence  of  a  senii*permeable  membrane  it  would  be  shows 
as  a  definite  pressure,  capable  of  measurement  by  a  manometer  ;  but  the  phenomenon  wliicb 
causes  this  pressure  is  always  there  and  leads  to  diffusion,  amongst  other  things. 

This  denying  of  the  existence  of  osmotic  pressure  except  in  relation  to  a  membrane  leads 
to  the  denial  ofits  existence  altogether,  sinoe  we  know  of  no  perfect  8emi*penneable  membrane. 

No  ohjcction  is  nuule  t<>  the  statement  that  the  air  in  a  ve-sel  cipen  to  the  atmo^^phere 
a  pressure  of  76U  mm.  of  mercury,  although  it  is  not  to  be  detected  twless  the  vessel  is  closed 
KoA  provided  with  a  manometer  wUle  the  outer  atmosphere  is  removed. 

In  the  jdescnt  V>onk  1  shall  continue  to  use  tlic  worris  "osmotic  pressure,"  menning thewhy 
that  property  ui  solutions  conferred  upon  tiiem  by  the  kinetic  energy  of  the  solutes. 

The  name  ''tonicity"  is  sometimes  need,  especially  in  reference  to  blood  corpnades  and 
living  cells  in  general,  Init  it  is  not  necessarily  the  <>amo  as  osmotic  pressure,  unless  we  admit 
that  the  latter  may  vary  Hccording  to  the  membrane  used.  For  example,  we  say  that  a 
Bolntioo  of  eodlnm  chloride  is  "isotonie**  with  mammalian  blood  corpuscles,  because  it 
profhires  no  change  in  their  volume.  But  we  might  add  an  equivalent  amount  of  urea  to  thi? 
solution  without  making  it  less  "  isotonic"  with  the  blood  corpuscles,  because  their  membrane 
is  permeable  to  urea.  On  the  other  hand*  its  osmotio  preerare  is  really  doublod,  as  shown  br 
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vapour  preasure  OMMiirementa.  The  word  "isotonio"  can  only  be  u««d  when  the  nature  of 
the  particular  membrane  is  specified,  and  refers  only  to  those  constitnente  of  the  aolntioo  to 
which  the  menibrane  is  iniperineable  ;  osmotic  pressure  refers  to  the  total  concentr»tion» 
mumming  that  the  membmne  in  impermeable  to  all  the  solutea,  permeable  to  the  solvent. 

MaotOlnm  (1911,  p.  617)  appeart  to  anggeat  tliftt  the  vsnt  Roff*Arrheniiu  theory  of 
f'sniotic  pressure  does  not  hold  in  physiological  phenomena.  The  osmotic  pressure  of  the  cell- 
contents  is  said  not  to  be  given  by  the  total  coooentration  of  electrolytes  in  the  cell,  because 
tbcMe  may  be  eooeentratod  by  snrfooe  tensfon  at  the  oell-nembraoe.  This  does  not  seem  to 
me  to  Ik-  quite  the  correct  way  of  pnttiriLr  thf  matter.  Osmotic  press^irt"  i'^  "nly  shown  by 
yVee  elec  trolytes.  In  estimating,  therefore,  the  osmotic  nressure  due  to  the  potassium  salts  in 
•  cell,  that  part  of  the  salts  adsorbed  on  •urfaoeB  unut  oe  left  oat  of  aeeoont.  Although  the 
actTiiI  -  ncentration  of  potSBeium  may  be  greater  at  the  cell  boundary,  it  does  not  follow  that 
its  osmotic  pretisure  ia  any  greater  here,  because  it  is  concentrated  on  account  of  its  property 
of  lowering  surface  energy,  and,  to  do  this,  it  must  be  held  in  constraint  by  the  surface, 
adsorbed  in  fact,  and  thus  iiii*ble  to  poeeeM  the  kioetio  energy  neoesaary  for  the  manifestation 
of  osmotic  activity. 

SUMMARY 

When  any  substance  i«?  dissolved  in  a  solvent,  the  solution,  as  compared  with 

the  pure  .sulvent,  behaves  as  if  tlie  solute  were  exercising  pressure. 

This  pressure  is  known  as  "  osmotic  pressure,"'  because,  when  the  solution  is 
separated  from  pure  solvent  by  a  membrane  which  is  impermeable  to  the  solute, 
but  permeftble  to  the  90lveiit»  it  is  fooad  that  the  solvent  pasees  to  the  solntioii, 
increuing  its  volume,  by  tiie  prooeas  known  for  many  years  as  "osmosis." 

The  existence  of  the  pressuie  can  be  shown  by  connecting  the  vessel,  containing 
the  solution  as  above,  to  a  muiometer,  so  that  increase  of  volume  is  prevented,  and 
the  manometer  indicates  the  rise  of  pressure.  Indirectly,  the  effect  of  the  solute 
on  the  vapjur  presi»ure  of  tlie  solvent,  and  the  various  phenomena  dependent  upon 
this,  show  the  prcsure  exerted  by  the  solute. 

The  amount  of  this  pressure  was  shown  by  van't  Hott',  on  the  basis  of  the 
experiments  of  Pfe0er  and  De  Yries,  to  be  identical  with  that  which  would  be 
exercised  by  the  solute  if  converted  into  gas  and  compressed  to  the  same  volume 
which  it  occupied  in  the  solution. 

Since  the  simple  gas  law  only  applies,  even  to  gases,  under  limited  conditions, 
it  is  not  to  be  expected  that  it  would  apply  to  solutions,  especially  to  concentrated 
ones,  without  correcting  factors. 

Such  factors  are  present  in  van  der  Waals'  "equation  of  state"  as  applied  to 
gases  and  to  pure  liquids.  They  result  from  the  considerations  of  the  actual  space 
occupied  by  the  molecules  themselves,  so  that  the  space  left  free  for  movement  Is 
diaunisbed,  and  of  the  mutual  attraction  exercised  by  the  molecules  upon  eadi 
other,  by  which  the  pressure  due  to  their  kinetic  energy  is  reduced. 

If  similar  additional  correcting  factors  are  introduced  into  the  van  der  Waals 
equation  to  take  account  of  the  interaction  between  the  molecules  of  the  fK)lvent 
and  of  the  solute,  an  equation  can  be  formed  which  expresses  the  osmotic  pressure 

of  solutions  in  general. 

The  kinetic  theory  of  the  origin  of  osmotic  pressure  satisties  physiological 
requirements  better  tlian  other  tbeoriee  do. 

Hydration  of  solute,  or  imbibition  of  solvent  by  it,  has  a  negligible  efiect^ 
except  in  the  case  of  very  concentrated  solutions,  owing  to  the  enormous 
preponderance  in  number  of  the  free  molecules  of  the  solvent  in  comparison  with 
thoee  fixed  by  the  solute. 

In  practice,  c^motic  pressure  is  measured  either  fhVcctly  or  by  methods 
depending  on  changes  in  vapour  pressure,  of  which  the  depression  of  the  freezing 
point  of  the  solvent  is  that  most  frequently  used.  In  the  case  of  water,  tliis  value 
is  called  l^. 

In  whatever  way  the  osmotic  pressure  of  a  solution  is  raised  by  removal  of 
solvent,  tlie  same  amount  of  work  must  be  done  to  produce  the  same  amount  of 
change.  Tlie  mathematical  expression  is  identical  with  that  for  the  isothermal 
compression  of  a  gas. 
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Ifc  follows  that,  by  appropriate  means,  a  solution  can  1h>  made  to  do  work  bjr 
dilution;  the  capacity  fact«7r  of  this  work  is  the  volume  of  the  solution  undergoing 
dOtttion.   Solutions  tfaeii>  like  gases,  possess  volume  energy. 

Aceording  to  the  kinetic  theory,  substances  in  solution  must  diffuse  frasn 
places  of  higher  concentration  to  those  of  lower  ooncentration,  until  the  same 
concentration  is  attained  in  both.  Unlike  gases,  however,  tiie  process  is  extremelj 
slow,  owing  to  the  great  resistance  met  with. 

Since  the  kinetic  energy  of  a  molecule,  an  ion,  or  a  colloidal  particle  is  the  same, 
these  elements  are  mutually  equivalent  as  regards  the  pruduction  of  osmotic  pressure, 
which  depends  only  ou  the  molar  concentration  of  the  eleuienUj  active.  Colloidal 
.solutions,  therefor^  must  possess  a  true  osmotie  pressure,  which  is  usually  small, 
on  account  of  the  low  molar  concentration  of  such  solutions  in  active  elements. 

Diffusible  impurities  play  no  part  in  the  osmotic  pressure  of  colloids,  except  in  00 
far  as  they  may  alfoct  the  degree  of  dispersion  of  the  particles  of  the  colloidal  state. 

The  osmotic  pressure  oi  electrolytically  dissociated  salts,  of  which  one  ion  only 
is  colloidal,  re<iuires  special  consideration.  It  is  shown  that  the  diffusible  ion«i, 
although  the  membrane  is  permeable  to  them,  play  their  f  uU  part  in  the  production 
of  osmotic  pressure. 

Certaiu  special  phenomena,  of  which  explanation  is  i^iven  in  the  text,  are 
present  in  such  cases.   A  salt  of  which  both  ions  are  cufiusible  through  the 

membrane,  if  adde<l  to  the  system,  is  found,  when  equilibrium  is  attained,  to  hawe 

distributed  itself  in  such  a  way  as  to  have  a  lower  concentration  in  the  presence 
of  the  colloidal  salt.  This  happens  whether  the  two  salts  have  an  ion  in  eounn<>n 
or  not.  There  is  also  a  considerable  potential  difference  between  the  two  sides  of 
the  membrane,  owing  to  the  presence  of  a  permanent  "electrical  double  layer"  in 
that  situation.  In  fact,  the  system  is  precisely  analogous  to  a  metallic  electrode 
in  a  solution  of  one  of  its  salts  and  the  amount  of  the  potential  difference  is  found 
to  be  expressed  by  a  similar  fornmla,  in  which  the  concentration  of  the  diflfusible 
ions  inside  the  membrane  takes  the  place  of  the  electrolytic  solution  tension "  of 
the  metal  in  the  formula  of  Nernst. 

Osmotic  pressure,  as  such,  plays  a  part  in  various  physiological  phenomena. 
The  volume  of  animal  cells,  the  turgor  of  vegetable  cells,  the  reaction  of  smooth 
muscle  to  drugs,  the  rate  of  intraoeUuIar  reactions,  the  process  of  secretion,  root 
pressure,  the  rate  of  blood  flow,  the  production  of  lymph,  and  the  absorption  of 
liquid  from  tissue  spaces  are  discussed  briefly  in  tiie  text. 

Certain  cells  possess  the  power  of  regnlatinij  the  osmotic  pressure  of  their 
contents,  while  the  higher  animals  have  developed  mechanisms  for  maintaining 
that  of  their  blood  and  body  fluids  at  a  constant  value. 
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CHAi'TEK  Vil 
ELECTROLYTES  AND  THEIR  ACTION 

ELECTROLYTIC  DISSOCIATION 

Br  tbe  reeearcbes  of  De  Vries  on  pUsmolyais  (1884,  1885,  1888),  it  was  found 
that*  if  sugar  in  a  certain  molar  eonoentnition  was  just  sufficient  to  produce  a 

result,  a  number  of  other  substances,  such  as  mannitol,  etc.,  in  the  same  molar 
co!K-«.'ntration  also  produceJ  the  same  elfect.  On  the  other  liand,  another  group, 
sodium  chloride,  potassium  nitrate,  etc.,  produced  the  elfect  in  a  molar 
concentration  which  was  lower  than  that  of  sugar.  Tbe  relattve  conoentrationa 
of  the  various  substances  of  the  latter  group  which  were  pUwmohrticallj,  ie., 
osmotically,  equivalent  to  that  ol  vhe  ffMnuer  groups  were  expressed  in  a  sunes 
of  numerical  values,  the  uotanie  coefficients. 

Ilaoult  (1878,  etc.)  found  similar  facts  in  his  investigation  of  the  freezing 
points  of  the  diflerent  Bolutiona  in  tjuesLiou,  and  they  were  also  expre^ed  in 
terms  of  osmotic  pressure  by  van't  Hoff  (1885).  The  ^mbol  i  will  often  be 
met  with  as  expressing  the  number  by  which  the  osmotic  pressure  of  a  substance 
such  as  cane-suj^r  must  be  multiplied  in  order  to  obtain  that  of  an  equimolur 
siilution  of  the  particular  substance  in  question  to  which  the  given  value  of  i 
refers.  The  following  table  given  by  Philip  (1910,  p.  132),  from  the  data 
in  thi^  I  u4>er  by  van't  Hoff  and  Beicher  (1889),  gives  a  few  values  of  t  calculated 
(1.)  from  the  depression  of  the  freesiog  pointy  (II.)  from  the  plasmolytic  experi- 
ments of  De  Vries,  and  (III.)  from  electric^  conductivity.  The  meaning  of  the 
third  column  will  be  seen  later. 


Gram-ecuivalents 
perldtre. 

II. 

IIL 

roU'<>iutn  chloiide  • 

014 

1-82 

1-81 

)  m 

Calcium  nitrate 

018 

2  47 

2-4« 

2-46 

M sgneriQm  sulnhate  • 

Calcium  chloriae 

0*38 

1-20 

1'25 

1*35 

0-184 

2D7 

2-78 

•242 

Potaesium  ferrocyanide 

0  356 

3  09 

3  07 

Now,  when  we  remember  that  the  osmotic  pressure  of  a  .st>lutii>n  is  in  direct 
proportion  to  the  number  of  molecules  of  the  solute  present  in  unit  volume,  we 
see  that,  apparently,  a  smaller  number  of  molecules  of  the  second  group  of 
substances  produces  the  same  effect  as  a  larger  number  of  the  Hrst  group.  If 
wfv  make  a  solution  by  adding  1  jjram  molecule  of  potassium  chloride  to 
Iti  litres  of  water,  we  find  that  its  osmotic  presnure  is  about  1"8  times  that 
of  a  s<)lution  made  with  1  gram-molecule  of  cane-sugar. 

It  is  quite  clear,  therefor^  that  there  nre  more  osmotically  active  elements 
in  the  first  solution  (potassium  chloride)  than  in  that  of  cane-sugar.  Since 
that  of  the  latter  solution  corresponds  to  the  number  of  molecules  taken,  it 
f'lllows  that,  in  the  former  cAse,  the  number  of  active  "  molecules  "  has  somehow 
increased.  In  otlier  words,  the  molecules  must  have  been  split  up  so  as  to 
make  a  larger  number. 

When  ^e  molecules  of  gases*  such  as  chlorine  at  a  high  temperature,  are 
found  to  be  split  up  into  atoms,  so  that  they  no  longer  appear  to  obey 
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Av'v^Mdro's  law,  they  are  said  to  be  "dissociated."  In  the  s;ime  way  we 
luay  speak  of  the  molecules  in  our  solutions  with  anomalous  osmotic  pressures 
as  being  "  diss^xriated." 

Bat  what  aort  of  diasociattoa  are  we  to  suppose  that  such  a  salt  as  potaasiuin 
chloride  undergoes  in  water!  It  is  plain  that  hydrolysis  into  hydrochloric  add 
and  potassium  hydroxide  is  not  to  be  thought  (jf ;  these  cannot  exist  together 
in  solution.  Moreover,  s'i<-h  a  hypothesis  would  not  ^\xplain  the  phenomena  m 
the  case  of  acids  or  bases,  which  behave  in  the  same  way  as  salts.  Again,  it 
cannot  be  potassium  and  chlorine  in  their  ordinary  state,  since  potassium  is 
immediatelv  converted  by  water  into  its  hydroxide,  and  chlorine  would  be  easily 
detected  if  present.  Looking  at  the  lists  of  substances  in  the  two  classes 
referred  to,  we  are  at  once  struck  by  \.\\^  fact  that  thos*^  snbstancef?  which 
give  an  abnormally  high  osmotic  pressure  and  are,  as  we  have  seen,  "dissociated" 
in  solution  in  water,  are  all  good  conductors  of  electricity,  whereas  the  "  normal ' 
ones  are  non-conductors.  Arther,  it  is  found  that  if  a  anbstanoe  which  gives  an 
anomaloos  osmotic  pressure  in  water  and  is  a  good  conductor  is  dissolved  in 
a  solvent  in  which  it  no  longer  conducts  electrici^,  as^  lor  esamplcb  hydrochloric 
acid  in  benzene^  its  osmotio  pressare  Is  normal,  or,  at  any  rate^  not  greater 
than  normal. 

Suppose  that  we  take  a  soiuLiuu  of  hydrochloric  acid  in  water  and  pas8  an 
electric  current  throng  it,  we  find  free  chlorine  is  separated  at  the  anode, 

where  the  current  enters,  and  free  hydrogen  at  the  cathode,  where  the  current 
leaves  the  solution.  One  of  the  constituents  of  the  solute,  which  is  called  an 
*' electrolyte "  when  it  conducts  electrioitv,  "wanders"  in  one  direction,  the  other 
in  the  other  direction.  Faraday  was  the  first  to  use  the  name  **  electrolyte,* 
and  he  showed  that  this  is  actually  the  way  in  which  the  electric  current  is 
carried  through  the  solution  of  a  substance  which  is  capable  of  conducting  it.  Each 
constituent  of  the  electrolyte  carries  a  definite  quantity  of  electricity ;  in  our 
case,  the  hydroijen  carries  positive  electricity  from  the  anode  to  the  catliode,  and 
tb*^  clilorine  carries  negative  electricity  from  the  cathode  to  the  anode.  The 
nauio  used  by  Faraday  (1834,  pp.  78  and  79,  and  1839,  I.  pp.  197,  198)  for  these 
electrically  charged  atoms,  or  molecules,  was  **ion8"  participle  of  ei/u, 
"  going ")»  those  carrying  a  positive  charge,  which  they  give  up  at  the  cathode, 
being  "cations"  (*caTa  =  down),  and  those  with  a  negative  charge  '*ant(»is'' 
(di'a^U|)),  in  at  ' ordance  with  the  diicffion  in  which  they  move  in  relation  to 
the  current,  reganicci  as  of  positive  electricity.  The  electrodes  are  "anode "and 
"cathode"  (o5os  =  way).  A  portrait  of  Faraday  will  be  found  in  Fig.  51. 
In  order  to  conduct  a  current,  then,  the  solute  must  be  decomposed  into  positively 
and  negatively  charged  parts,  that  is,    eUelrolffUeaUy  dittocuUed" 

We  may  not©  here  that,  according  to  Nernat  (1911,  p.  356),  the  word  "ionization.* 
sometimes  u«e<!.  ia  better  reserved  for  the  case  of  the  gas  iona,  which  are  pnxluced  by  X  rave, 
ttltra-violet  light,  etc.,  and  consist  of  a  number  of  molecules  of  the  gas  grouped  around  a 
single  electron* 

It  is  obvious  from  the  facts  of  electrolytic  conduction  that  hydrogen  and 

chlorine  are  capal)le  of  existence  in  forms  which  have  quite  different  properties 
from  those  wliich  they  possess  in  tiicii-  t»i<iinarv  familiar  forms.  While  they  are 
engaged  in  carrying  electric  charges  through  the  solution  in  which  a  current  pass^ 
they  cannot  be  recognised  as  hydrogen  and  chlorine. 

The  actual  amount  of  electricity  carried  by  a  univalent  ion  is,  as  was  shown  by 
Faraday's  work,  a  definite  quantity,  and  is  now  known  by  the  name  su^^eeted  by 
Jolmstone  Stoney  as  an  ** electron.'"  A  hivnlpnt  ion  rari-ie^J  two  electrons  and  so 
oh.  Hehnholtz  M 'SHI)  put  forward  the  view  that  electricity  itself  has  an  atomistic 
structure,  so  that,  in  a  certain  sense,  we  mav  look  upon  positive  and  negative 
electrons. as  two  new  univalent  elements.  Thus  a  positive  electron  may  hl^  said 
to  replace  CI  in  HCl,  forming  hydrogen  ion  instea<i  of  hydrogen  chloride  (Nemst, 
1911,  p.  395).  If  this  be  so,  it  is  not  surprising  that  hydrogen  ion  is  completely 
different  from  hydrogen  itself,  nince  it  is  a  new  chemical  compound,  nnd  th" 
essence  of  chemical  combination  consists  in  the  manifestation  of  properties  unlike 
.those  of  the  constituents. 
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"h©  modem  development  of  the  science  of  eleotrous  does  not  belong  to  the  subject  of 
book  ;  those  interested  nwy  ooM&lt  the  abort  work  by  Ramsay  (1912)  on  "Elements 


The 

this 

and  Electrons."  It  is  well,  however.  tO  refer  to  ono  point/  The  existence  of  two  kinds  of 
electrons,  positive  and  negative,  has  been  Msumed  above.  The  question  is  not  yet  detinitolv 
decided  as  to  whether  there  i»  only  one  kind,  the  negative,  and  wlMthflran  anparant  positive 
charge  u  reaUy  only  the  absence  of  a  negative  one.  This  doee  not  a0Mt  the  annuneot.  and 
then*  18  evidence  in  favour  of  the  exlHtence  of  positive  electricity. 

Sine©  a  hydrogen  atom  is  a  very  difierent  thing  from  a  hydrogen  ion  it  is  not 
permissible  to  use  the  same  sjinboi  for  both.  It  is  generally  agreed  to  use  a  dot 
for  a  single  positive  charge  and  a  dash  for  a  single  negative  one,  repeating  them 
aa  many  tames  aa  the  valency  of  the  ion  requires.  Thus,  H\  Ca",  NH/  are 
positive  ions,  and  CI',  SO/', 
PO/"  are  negative  ions. 
The  signs  +  and  - ,  used  at 
one  time^  are  no  doubt 
more  expressive,  but  eanse 
difficulties  to  the  printer, 
when  added  to  the  top  of  a 
symbol  and,  in  other  posi- 
tions, would  be  liable  to 
canae  oonfuaum. 

Although  it  is  most  oonvenl- 

<  nt  to  ppeak  of  the  po^-^ession 
ot  positive  and  negative  charges, 
it  ahoaJd  he  reoienibered  that  it 

is  possible  that  the  apprirt-nt  pre- 
sence of  -a  positive  charge  may 
mesa  simiily  the  abeenee  of  a 

negative  one,  ro  that,  for  ex- 
ample, H'  means  that  the  hydro- 
gen ion  has  one  lees  negative 
electron  than  an   "  mifharged 
atom  and  two  le^s  than  OH'. 

So  far  we  have  spokei) 
only  of  the  ions  present  in  a 
solntkn  through  which  an 
electrical  corrent  is  actually 

passing.  Now  Clausius 
(1857)  pointed  out  that,  io 
order  to  explain  the  pheno- 
mena of  eleetitilTsiB,  a  part 
of  the  molecules  of  the 
electrolyte  must  l>e  assumed 
to  be  already  dissociated 
into  ions,  whicii  possess 
movements  independent  of 
another.   In  the  case  of 
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the  solutions  with  anomalous  osmotic  pressures  we  notice,  in  the  table  given  on 
j>.'i;,'e  K)9  al)ove,  that  the  "isotonic  coethcient,"  or  van't  Hoff's  factor  /,  tliat  is  the 
ratio  between  the  actual  osmotic  pressure  of  a  solution  of  an  electrolyte,  and  that 
which  it  would  have  if  it  contained  only  non-dissociated  molecules,  is  not  a  whole 
number,  although  in  dilute  solutions  of  strong  acids  and  bases  it  is  very  near  being 
so.  In  dilute  hydrochloric  acid  it  is  practically  2,  but  in  sodium  chloride  d  0*1 
percent,  it  is  only  19.  Measurements  of  clectiical  conductivity  show  the  same 
ratio  between  the  part  of  the  solute  that  carries  the  current,  i.e.,  the  ions,  and 
the  non-dissociated  fraction  which  takes  no  part  in  the  process,  as  the  table 
lefened  to  shows. 

Arrhenius  (1887),  on  considering  these  various  facts,  was  led  to  see  that  the 
anomalous  osmotic  pressures  of  solutions  of  electrolytes  coulil  be  very  simply 
explained  by  the  assumption  that  the  dissociation  into  ions  is  not  merely  the  state 
during  the  passage  of  a  current,  but  is  the  normal  condition  of  the  solution  of  an 
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electrolyte  under  any  circurastances.  Evidence  that  this  is  so  will  be  given 
presently.     The  theory  is  that  known  as  the  "electrolytic  dissociation  theory," 


FlO.   o2.      I'oKTUAlT  OK  AKRHENU'S. 

(From  a  photograph  by  A.  Jonason,  Goteborg.) 


which  plays  so  larfje  a  part  in  science  at  the  present  day.  A  portrait  of  Arrheniui 
is  given  in  Fig.  52. 

Arrhenius  had  already  suggested  naming  those  molecules  which  take  part  in 
the  passage  of  an  electrical  current,  and  whose  ions  are  in<lependent  of  one  another 
in  their  movements,  "active,"  and  those  whose  ions  are  firmly  combined  together 
"  inactive,"  an<l  in  his  classical  paper,  "  Ueber  die  Dissociation  der  im  Wasser 
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galdcter  Stoffe"  (1887,  p.  637),  be  gives  the  evIdeDoe  for  the  acceptance  of  two 
ypothesea,  which  aire : — 

"  1.  The  Law  of  vaii't  HofF  applies  not  only  to  the  greater  number  of 
Aubstances,  but  to  all,  incluriitig  those  which  had  been  considered  to  be  exceptions 
(electrulytea  in  watery  solution)." 

This  law  of  van't  Hoff,  which  is  a  generalisation  of  Avogadro's  law,  has 
•IreAdy  been  quoted  (page  148  above),  but^  for  reference,  it  may  be  repeated  here : — 

"The  pressure  which  a  gas  possesses  at  a  given  temperature,  when  a  definite 
number  of  molf^cules  are  present  in  a  definite  volume,  is  of  the  same  value  as  the 
osmotic  pressure  which  is  exerted,  under  tlie  same  conditions,  by  the  greater 
number  of  substances,  when  they  are  dissolved  in  any  kind  of  liquid.'' 

The  second  hypothesis  of  Arrhenius  states  that : — 

"  2.  All  elect»x)lytes  (in  solution  in  water)  consist  partly  of  molecules  which  are 
active  (in  electrolytic  and  chemical  relationships),  and  partly  of  inactive  molecules. 
The  latter,  however,  on  dilution,  are  converted  into  active  molecules;  so  that  in 
infinitely  diluted  solutions  only  active  molecules  are  present." 

We  may  now  venture  to  call  these  hypotheses  ''laws,"  although  objections 
have  not  been  wanting,  as  we  shall  see. 

Free  inns,  therefore,  are  believed  to  be  present  in  all  solutions  of  electrolytes, 
whether  a  ( vin  ent  is  passing  or  not  T>efinite  proof  of  their  existence  under 
ordinary  conditions  is  naturally  dcinrabie.  8ince  the  distinguishing  property 
of  an  ion  is  its  dectrical  charge,  the  ditBculty  of  investigating  its  properties 
by  methods  other  than  electrical,  which  might  be  supposed  to  introduce  con- 
ditions which  beg  the  question,  i.s  obvious.  To  begin  with,  the  following  reasons 
are  given  by  J.  J.  Tfiomson  (1888,  p.  294)  for  concluding  "that  the  splitting 
up  of  tiie  molecules  which  allows  the  current  to  pass  is  not  caused  by  the 
electro-motive  force,  but  takes  place  quite  independently  of  the  electric  field." 
In  otiber  words,  they  are  already  split  up  before  the  current  is  sent  in. 

(1)  The  smallest  electro-motive  force  is  sufficient  to  start  a  current^  SO  that 
no  finite  '  lectro  motive  force  is  required  to  dissociate  the  molecules. 

(2)  The  experiments  of  Fitzgerald  and  Trouton  (1886,  p.  312)  show  that 
Ohm  s  iaw  is  obeyed  exactly,  *'  whereas,  if  the  electro- motive  force  had  to  break 
up  tiie  molecules,  the  current  would  be  proportional  to  a  higher  power  Uian 
toe  first  of  the  electro-motive  forca" 

(3)  J.  J.  Thomson  himself  was  unable  to  detect  the  slightest  change  in  the 
osmotic  pressure  of  a  solution  of  an  electrolyte  during  pa.ssage  of  a  current 
through  it.  If  the  number  of  separate  systems  is  increased  by  the  current, 
the  osmotic  pressure  must  rise  considerably ;  in  the  case  of  dilute  strong  acids, 
to  nearly  double. 

Let  us  further  contrast  tlu-  Itehaviour  of  an  organic  compound  of  chlorine, 
aay  chloroform,  CHCI3,  with  that  of  an  inorganic  chloride,  CaCl.^.    In  the 
first  case,  chlorine  cannot  be  detected  by  the  ordinary  tests ;  the  molecule  h^ 
certain  properties  as  a  whole.    In  the  second  case,  in  dilute  solution,  the 
behaviour  to  reagente  is  not  that  of  an  individual  compound  with  its  own 
peculiar  properties;  its  reaction"^  are  simply  those  which  are  common  to  all 
calcitim  salts,  togfether  with  those  which  are  common  to  all  ehlondes.  Accord- 
itig  to  the  electrolytic  dissociation  theory,  all  chlorides,  in  dilute  solution,  contain 
chlorine  ions,  and  all  calcium  salts  contain  calcium  ions.    Calcium  salts  have 
also  a  particular  action  on  the  muscle      the  hearty  and  it  is  found  that  it 
does  not  matter  what  salt  is  taken.    Again,  hydrochloric  acid  has  no  properties 
peculiar  to  itself;  it  ta^ites  sour,  turns  litmus  red,  dissolves  metals,  inverts  cnne- 
tugar,  in  common  with  all  acids.    It  precipitates  silver  salts  in  conmiou  with 
all  chlorides.    The  nitrate,  chloride,  and  bromide  of  copper  are  all  blue  in 
dilute  solution  in  water,  but  in  alcohol,  where  very  little  dissociation  is  to  be 
ttcpscted,  they  are  hlue,  green,  and  brown  respectively.    Ostwald  (1892)  has 
shown  that  each  ion  independently  contril^utes  it.s  share  to  the  properties  of 
a  solution,  inclusive  of  colour,  by  taking  ph<)toL,'ra|ihs  of  the  absurptidi  spectra 
of  the  permanganates  of  zinc,  cadmium,  ammuniuui,  tin,  potassium,  nickel, 
msgnesinm,  copper,  hydrogen,  aluminium,  sodium,  barium,  and  cobalt  in  dilate 
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Fio.  53.     Absorption  spectra  of  solution's  containing  the  same  ootx>c&ed  ion.>- 

Showing  the  identity  of  position  of  the  band. 

a,  Permanganates  of  the  element*  (riven  at  the  aide. 

b,  SftJta  of  diazoreaonifin  with  varioui  element*, 
e.  Bait*  of  rosaniline  nith  the  following  acids : — 

Sulphanilic.  11. 
Nitric.  12. 


L«e\iilinio. 

Acelic. 
rhloria 
P.«'nzoic, 
Hydrochloria 


6. 
7. 
8. 
9. 
10. 


Phthalaniidoacetic.  13. 
Butyric.  14. 
Phe'nylpropioUc.  15. 


Hypoculph  u  rous. 
Trichlorlactic. 
Glyeollic. 
PhthaLinilic. 
Perchloric. 


16.  Salicylic. 

17.  Monochloracetic. 
lb.  LacUc. 

19.  Orthonitrobenxoic. 

20.  Sulphuric. 

(After  Ostwftld.) 


. ,  v.oogle 
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solution,  and  found  tiie  absorption  band  in  the  same  titaation  \sk  all.  Tarioui 

i^its  of  dyes  show  the  wirne  behaviour  (see  Fig.  53). 

Before  we  pass  on  to  consider  other  evidence,  the  question  of  eiectroljtio 
conductivity  must  be  dealt  with. 

ELECTBOLTTIO  CONDUCTIVITY 

The  passage  of  an  electric  current  tbron^^  a  solution  being  due  to  the  Ions 
peeent  oetween  the  electrodes^  it  is  dear  that  the  amount  of  current  tliat 

iMi  pass  through  a  given  solutioil  ^vill  depend,  in  the  first  place,  on  the  size  of 
tibe  electrodes— the  larger  they  are,  the  more  ions  there  will  be  between  them. 
The  current  that  pas.sea,  other  things  being  equal,  is  in  direct  proportion  to 
the  aiea  of  the  electrodes  when  the  column  of  solution  between  them  is  of  the 
MM  cross  section  as  the  electrodes,  so  that  no  spresding  of  the  current  takes 
place.  Xn  the  second  place,  owing  to  the  fact  tliat  the  velocity  with  which 
the  ions  move  is  finite,  the  crrejiter  the  distance  between  the  olectrodes  the 
longer  it  will  take  for  an  ion  to  carry  its  charge  to  the  opposite  elt  t  trode  and 
th^  less  electricity  will  be  carried  in  unit  tiuie,  i.e.,  the  current  will  be  less, 
^oomparing  the  conductivity  of  one  solution  witb  that  of  another,  it  is  there> 
fore  necessaiy  to  agree  to  some  arbitrary  liu.onsions.  The  unit  of  conductivity 
is  taken,  accordingly,  as  that  of  a  body  of  which  a  column  one  centimetre  long 
and  one  square  centimetre  in  cross  section  has  a  resistance  of  ono  ohm  (Nerust, 
Idll,  p.  361).  The  resistance  is  the  reciprocal  of  the  conductivity;  if  one 
Motion  has  twice  the  resistance  of  another,  only  half  the  current  will  pass 
fkough  it,  so  that  its  conductivity  is  half  that  of  the  other. 
■  I{»  then,  a  body  of  the  dimensioiis  given  above  has  a  resistance  to  in  ohms 

fnuafly  written  (u)  its  conductivity  (k)  is  —  in  rectprocal  ohms,  frequently 

called  mhos  (i.e.,  ohm  spell  backwards).  The  actual  conductivity  of  a  particular 
Mliitioa  is  celled  the  '■^ specific  covftftcelmty"  of  that  solution;  but  in  order  to 
fMDpare  solutions  of  different  salts  with  one  another,  it  is  convenient  to  have 
an  expression  in  which  the  molar  concentration  is  taken  into  account.  The 
^'sftttvo^snl  <t(mc?iic(i9tljr "  is  now  understood  as  the  actual  conductivity  divided 

by  the  concentration  in  gram-equivalents  per  cubic  centimetre  (17),      ^  and  is 

4lanotied  by  A.  It  is  dear  that  the  conductivity  <tf  the  solution  %A  an  electrolyte 
dlpends  on  its  concentration,  since  it  is  the  ions  into  which  the  solute  dissociates 
fhat  conduct  the  cnrront,  .ind  the  more  there  are  in  the  Bprn  o  between  the 
-  electrodos,  the  more  current  will  pass.  The  value  of  taking  gram-equivalents 
instead  of  gram-molecules  is  that  salts  with  multivalent  ions  are  more  readily 
compared  with  those  with  univalent  ions.  Thus,  if  equimolar  solutions  of 
and  Kc^,SO.  are  compared,  we  must  remember  that  the  eecotui  salt,  at  an  e(|Ual 
degree  of  dissociation,  has  twice  the  conducting  power  of  the  first,  since  it  gives 
itms  wit}^  four  charges,  two  negative  and  two  positive,  while  the  first  only  gives 
one  negative  and  one  positive. 

It  will  be  remembered  that,  in  the  statement  of  the  theory  of  electrolytic 
dissociation  given  by  Arrhenius  (page  178  above),  the  "  inactive  molecules  **  are  said 
to  be  converted  into  active  molecules  on  dilution.  ^Hiis  is  the  expression  of  the 
experimental  fact  that  the  equivalent  conductivity,  or  the  number  of  ions  into 
^hich  a  gram-equivalent  is  dissociated,  increases  as  the  solution  is  diluted  By 
plotting  successive  values  of  the  equivaieul  conductivity  at  increasing  dilutions  in 
the  form  of  a  curve,  the  value  at  infinite  dilution,  tlmt  is^  what  it  would  be  if 
completely  dissociated,  can  be  extrapolated.  Equivalent  conductivity  may  also 
be  expressed  in  terms  of  the  volume  of  solution  in  cubic  centimetres  which  contains 
1  gram-equivalent;  the  symbol  ^  is  generally  used,  so  that  the  equivalent 

Mnduetivity  may  be  expressed  as  k^.   ^  is,  of  course,  equal  to  1. 

The  meHAocb  tif  meamring  eonduetiviiy  may  be  now  considered.  What  is 
sfitoslly  measured  is  the  resistiuioe  of  a  stratum  of  known  dimensions.   The  v^ne 


Digitized  by  Google 


176 


PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


of  these  dimensions  for  a  particular  \  rss^^l  is  deterniiueti  by  measuring  in  it  the 
resistance  uf  a  solution  whose  value  in  conductivity  is  known  from  previous 
meuniements  in  a  yessel  whose  dinMNuiona  can  be  meuured  directly.  Actual 
details  may  l>e  ohtained  from  tlif  Iju  ^k  by  Fiiidlay  (ld06)  pp.  144-181)  or  frnm 
the  article  by  Asher  (1911,  pp.  161-174).  In  the  present  page.s  general  principles 
onlv  need  be  referre<i  to.  As  is  familiar  to  the  reader,  the  measurement  of  the 
resistance  of  metallic  conductors  by  the  Wheatstone  bridge  method  is  capable  of 
extreme  accuracy.  The  same  method,  with  modifications,  is  also  employed  for 
solutions  of  eleetrolytes.  These  modifications  are  due  to  the  fact  that^  if  a  current 
is  sent  for  any  appreciable  length  of  time  between  metallic  electrodes  immersed  in 
such  a  solution,  the  current  fall^  ->fT  greatly  in  strength  owing  to  deposition  of  ions 
on  each  electrode  of  opposite  sign  to  themselves,  polnrisation,  as  it  is  called.  For 
this  reason,  accurate  measurements  by  the  ordinary  galvanometer  method  are 
impossible..  The  difficulty  is  got  over  in  the  method  of  Kohlrausch  by  the  use  of 
a  current  which  rapidly  changes  its  direction,  before  any  appreciable  polarisation 
has  had  time  to  develop.  Each  electrode  is  made  anode  and  cathode  in  torn.  A 
small  induction  coil,  with  a  very  rapidly  vibrating  interrupter,  is  used  for  the  pur- 
pose and  the  alternating  induced  currents  from  tlie  .secondar}-  coil  are  sent  through 
the  electrolyte.  But  this  again  necessitates  the  use,  as  detector  of  the  zero  pointy 
of  some  instrument  which  responds  to  alternating  currents,  since  the  ordunary 
galvanometer  does  not,  except  when  tiie  changes  of  direction  do  not  occur  at 
frequent  intervals.    A  telephone  is  generally  used. 

"When  the  solutions  have  a  very  high  resistance,  it  i.s  found  to  be  difficult  to  get  enough 
current  through  to  uivf  .sharp  readiug-s  with  the  telephone.  lu  such  cafiea,  the  method  of 
Whetham  (lOQO)ia  of  great  value.  In  this,  the  change  of  direction  of  the  cnrrent  is  effiBOlad 
by  a  rotating  commutator,  and,  in  order  to  enable  a  delicate  galvanometer  of  tlie  ordinary 
typo  to  be  used,  the  alternatiug  current  is  rectified  again  before  going  to  the  galvanometer. 
This  is  done  by  a  second  commutator  on  the  same  axis  as  that  which  originaU}*  make*  the 
alternating  current.  This  method  allows  of  cteat  variations  in  the  electromotive  force  used  to 
drive  the  current  through  the  electrolyte,  and  in  the  sensibility  of  the  galvanometer.  It  seems 
probable  that  a  thermionic  valve  miuht  be  used  to  rectifv  the  altematinx  currents  from  an 
induction  coil  and  thus  enable  a  galvanometer  to  be  uaea  as  detector.  The  most  ooDrenieofc 
vessels  for  physiological  use  are  those  of  Henry  (Fig.  21a  of  Asher^t  article,  191 1). 

We  may  now  return  to  the  consideration  of  further  evidence  in  favour  of  the 
electrolytic  dissociation  theory. 

IONIC  CONDUCJTIVITY 

Jjdt  us  take  the  molecular  conductivity  f»f  the  following  series  of  salts  in 

0  0001  molar  concentration  as  given  by  Kohhausch  and  Maltby  (1899). 

CIdoride.  NiLrjite. 

K  -         -         .          .         -    129  0.5  125  49 

Na-         -         .         .         .    WmHi  104-53 

Li  -         -         -         *         .     9S  00  W-38 

The  precise  units  in  which  these  are  expressed  does  not  matter  for  our  present 
purpose^  since  all  are  in  the  same  units. 

The  difference  Ix  twocn  KCl  and  NaCl  is  20  99  and  between  KNOg  and 
NaNOg  is  20"9t),  practically  identical.  Again,  the  difference  hot  ween  KCI  and 
LiCl  is  30-99  and  between  KXO3  and  LiNOg  is  31*11.  Wlmt  do.  s  tliis  iin{.lv? 
Obviously  that  it  does  not  matter  whether,  in  changing  or  Li  i\>r  K,  we 
take  a  chloride  or  a  nitrate ;  that  is,  the  metallic  part  of  the  salt  makes  a  certain 
contribution  to  the  conductivity  which  is  independent  of  the  aclilic  radical 
associated  witli  it.  Similarly,  the  differenfe  between  KCl  and  KNO3  ^*^^» 
between  XuCl  and  ynXO,,  :^53.  and  between  LiCl  and  LiNO,  3-68,  so  that 
the  same  consideration  applies  to  the  other  radical.  This  fact  may  perhaps  be 
dearer  if  put  in  a  symbolic  form : 

(K  +  CI)  -  (Na  +  CI)  =  ( K  +  NO  J  -  (Na  +  NO.) 
and      (K  f  CI)  -  (K  +  NO,)  =  (Na  +  01)  -  (Na  +  NOj) 
can  only  hold,  if  K,  Na,  01  and  NO,  each  has  a  definite  value  independent  of  that 
of  any  of  the  others. 
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Wd  may  conclude,  then,  that  the  conductivity  of  a  highly  dfluted  solution  is 
made  up  of  the  independent  conductivities  of  the  individual  iona  and,  if  this  is 
so,  thesf  ions  must  be  present  as  separate  entities.  Kohlrausch  expresses  tin's 
in  what  is  generally  known  as  his  latu  of  ilte  independent  mig^'ation  of  t/ie  ions. 
The  syratiol  u  is  given  to  the  part  contributed  by  the  cation  and  i*  to  that 
ooDtributed  by  the  anion,  so  that  the  molecolar  condoctivity  at  infinite  dilution 
ot  a  binary  electrolyte  (that  is,  one  that  dissociates  into  two  univalent  ions)  is 
u  +  V  The.oe  are  constant  values  lor  the  same  unuy  'whatever  salts  they  may  form 
constituents  of. 

Referring  back  to  the  table  on  page  176,  we  notice  that  the  conductivity  of  the 
li  ion  is  less  than  that  of  the  Na  ion  and  this  again  is  less  than  that  of  the  K  ion. 
Since  each  of  these  ions  carries  the  same  charge,  it  follows  that  they  must  travel 

at  diflTorent  rates.  A  little  consideration  will  show  that,  if  this  Ix;  .so,  after 
electrolysis  by  pas.sage  of  a  current  has  gone  on  for  sorae  time,  there  will  be 
a  di^erent  concentration  of  the  electrolyte  around  the  two  electrodes  and,  b^*  this 
means,  measurements  of  the  rates  of  the  various  ions  have  been  made  fay  Hittorf. 
Details  of  these  measurements  will  be  found  in  the  textbooks  (Philip,  1910,  pp. 
143,  etc.  ;  Nemat,  1911,  pp.  362,  etc.). 

The  following  table  ghe^  the  molecular  conductivities  ol  a  number  of  ions  at 
the  temperature  of  18°  (Nernst,  1911,  p.  366). 

K  NH^  Na  Li  Ag  H 

t4  =  65-3  64-2  44-4  355  55-7  318 

CI  Br  I  NO.  CIO3  CO4H  0,H„Oj,  OH* 

«-65*9  66-7  66-7  60*8  66-5       45         33*7  174 

In  the  case  of  large  oi^g^ic  ions  it  is  interesting  to  note  that  the  rate  ol 
migration  diminishes  comparatively  little  with  increasing  size.  Thus,  according 
to  Bredig  (1894),  at  25%  the  values  of  certain  anions  are  as  follows : — 


AoioDOf 

Number  ot 

AtODM. 

Ri^  ot 
HovtoMnk. 

Conductivity  ot  Na  Salt, 

Acetic  acid  -       .       .       .  - 
Caproic  acid  .... 

Picrioaoid  

Lactone  of  o-Toluido-/9  i8obutyric 

acid  

7 
19 
IB 

40 

38-3 
27*4 
31*6 

23*0 

87-5 
76  6 
807 

72-2 

The  practical  use  of  these  facU  is  that  we  can  calculate  the  values  of  the 
molecular  conductivity  at  infinite  dilution  in  cases  where  it  cannot  be  obtained 
experimentally.   Thus  ammonium  hydroxide,  even  when  diluted  so  far  that  the 

accuracy  of  the  mpasuretnents  becomes  uncertain,  is  a  consIdtTuble  distance 
fruui  complete  dissociation.  But  from  the  law  of  Kohlrausch  we  can  obtain 
the  value  as  the  sum  of  those  of  the  constitucutis,  NH^*  and  OH',  viz. : — 

64-2  4-  174  =  238-2. 

Knowing  the  conductivity  of  salts  when  completely  dissociated,  we  can  thus 
determine  the  degree  of  dissociation  at  any  concentration  fruui  measurements 
of  its  conductivity  at  that  concentration.  Suppose  that  we  find  that  a  binary 
salt  at  a  known  concentration  has  a  molecular  conductivity  half  that  which  we 
obtain  from  Kohlrausch 's  law  as  the  liniitiiiLr  value  at  infinite  dilution,  we  know 
that  only  half  of  its  niok'fules  are  taking'  {'art  in  the  conduction  of  the  current. 

The  actual  rale  of  movevient  of  the  various  ions  is  of  some  interest.  As  Nernst 
points  out  (1911,  p.  363),  the  small  dimensions  of  ions  would  lead  us  to  expect 
that  the  frictional  resistance  to  their  movements  is  very  great.  Their  velocity  is 
therefore  proportional  to  the  force  acting  on  them.  If  the  fall  of  potential  in  the 
solution  is  1  volt  per  centinietr<\  that  is,  if  the  electrodes  are  10  cm.  apart  and  a 
potential  difference  of  10  volts  exists  between  them,  the  hydrogen  ion  moves  at  the 
fate  of  00033  cm.  per  second  and  the  potassium  ion  at  0-00067  cm.  per  second. 
The  actual  manner  in  which  this  is  detwmined  is  beyond  the  scope  of  this  book. 
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Tbu  alow  movement  of  ions  allowB  another  piece  of  evidence  to  be  brought  in  favour  oi  the 
actual  ezlstenoft  of  i<ms  in  tolntiona  of  eleetrolytes  apart  from  any  paasa^e  of  enmnt  tfarovf^ 

them.  Take  a  fiolution  of  copper  sulnliatc  and  place  in  it  two  elu  tr nn-  =  nt  2-2  cm  apart. 
Let  the  anode  oonaiat  of  (x>pper  ana  the  cathode  of  platinum.  As  boon  as  the  current  is 
oatabUribed,  copper  is  depositect  on  the  platinum  plate  and  difleolyed  from  t^e  anode  by  the 
SO/ ion.  Now,  if  the  clr-rtricnl  current  itself  ep'it  up  the  Cr.Sf">,  molecules  and  the  two 
oppositely  charged jpartfi  were  attracted  to  the  two  oi>|K)  i:o  poles,  according  to  the  old  view, 
it  follows  tint  uie  80/ ion  belonging  to  a  particular  c  pp*  r  ion  at  the  oathode  hastotntrd 
in  our  case  2*2  cm.  in  les.'*  than  one  second.  Suppose  that  the  potential  difference  were 
2 '2  volts  and  that  we  ascribe  to  the  SO/  ion  as  great  a  velocity  as  that  of  the  OH'  ioo 
<0K)0I8  cm.  per  second)  (it  is  really  rouoh  leas),  twenty  minntee  will  be  required  ior  it  to 
travrl  the  distance  of  2*2  cm.  between  the  elcctrodeB. 

Ostwald  (1888,  p.  272)  directs  attention  to  another  similar  experiment  It  is  well  knowp 
that,  if  amalgamated  zinc  be  immersed  in  dilute  enlphuric  Mid,  it  it  not  attacked.  But  if 
a  piece  of  platinum  hp  al-n  immersed  in  the  same  Boiution,  even  at  a  considerable  distnno* 
as  soon  as  the  two  metAie  are  connected  by  a  wire,  hydrogen  appears  on  the  platinum  and 
sine  goes  into  solution.  The  hydrogen  eannot  arise  from  the  same  sulphuric  aoid  moleonla 
whose  SO4  at*ar  ks  the  zinc,  pirn  p  :t  i-annot  travel  the  distance  in  the  time.  It  mu^t  come 
from  the  immediate  neighbourhood  and  have  been  already  present  as  dissociated  loaic 
hydrogen. 

Anotlier  iMst  which  w  readily  explained  hy  the  diffiamt  rate  of  imgrati<ni  of 
iona  already  present  and  for  which  no  other  exphmation  is  at  hand,  is  that,  when 

a  solution  of  an  electrolyte  is  in  contact  with  water,  a  potential  difference  is  nearly 
always  found  to  at  the  lyoun^lnrv  surfare.     This  is  due  to  the  tineqnal  rate  of 

difTusion  of  the  two  ions,  .so  tliat  either  the  anion  or  the  cation  is  in  advance  of 
the  other,  forming  a  Helmliuliz  double  lajer.  Of  course,  they  cannot  separate  far 
from  one  another,  on  account  of  eleetroetatio  attraction.  We  ehatt  meet  with  this 
phenomenon  again  in  conneetion  witii  the  aonroea  ol  electrioal  ebangee  in  living 
tissues. 

HYDRATION  OP  IONS 

When  we  look  at  the  numbers  in  the  table  of  ionic  conductiviti^  on  page  177 
above^  we  are  strack  by  the  fact  that  lithium,  with  an  atomic  weight  of  7,  mo^cft 
at  a  mudi  alower  rate  than  potaarium,  with  an  atomic  weight  of  39.  The 
explanation  is  probably  that  the  lithium  ion  carries  with  it  a  larger  number  of 

water  molecules  than  the  potassium  ion,  so  that  greater  friction  is  experienced." 

The  chief  work  on  this  question  has  been  done  by  Bousfield  (1905,  1906,  1912^,  to  who*e 
papcib  the  reader  is  referred.  An  interestins  fact,  which  is  worth  quoting,  comes  out  from 
the  resulu  of  the  last  pa[>er  (1912,  p.  lOB).  l%e  nomber  of  moleeoleo  of  water  combined  with 
both  ions  at  infinite  dilatioa  is  for 

KCl         NaCl  Lia 
9  18  21 

There  are  reasons  for  supnosing  that  the  number  combined  with  the  CI'  ion  is  5,  f-inoo 
its  traoi^rt  number  is  just  a  little  greater  than  that  of  potassium,  so  that  its  share  must  be  a 
tittle  more  than  half  of  the  total  9  of  KOI.  If  this  is  so,  we  have  fOr  the  nvmber  of  molecalss 
of  water  aaaodated  with  the  ions  of  * 

K  Na  Li 
4  8  16 

A*  the  author  says,  '*  an  attractive  lodging  setiea** 

FURTHER  EVIDENCE  AND  SOME  DIFFICULTISS 

The  chief  evidence  for  the  tntth  of  the  electrolytic  dissociation  theocy  ia» 
undoubtedly,  the  fact  that  it  ia  capable  of  giving  correct  quantitative  expianation 

of  so  many  phenomena,  and  even  of  predicting  the  numerical  values  of  the  factors 
in  tliese  plienoinena.  It  is  not  surprising  that  defluctiont;  from  it  have  not  always 
been  verified,  siuce  modifications  and  additions  are  always  necessary  in  theories 
of  such  far-reaching  application. 

Objections  have  beien  brought  against  it»  but  no  rival  theory  haa  been  shown 
able  to  afford  the  accurate  quantitative  results  that  it  does  in  so  simple  and  direct 
a  manner.  At  the  present  time  it  may  safely  be  said  to  be  indispensable.  There 
aic  many  phenomena  which,  without  it,  could  not  even  bt-  described  except  with 
dithculty,  much  less  treated  quantitatively.  Of  these  we  shall  presently  meet  with 
some  striking,  examples. 
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One  only  need  be  nentkiMd  now.  As  we  shall  see,  the  acidity  "  of  a  solution  is  readily 
expressed  on  our  theory  by  the  mimber  expre^hing  it(«  concentration  in  H*  ions.  The  diHiculty 
found  by  thoi^e  who  du  not  accept  the  theory  is  a^n  on  p.  570  of  the  paper  by  £.  F.  and 
H.  B.  Armstrong  (1013),  where  mixtures  of  acMftod  elkftliiie  nhoephatee  in  oertain  proportione 
hm  to  be  need,  i^viog  »  aetol  immben»  baving  only  a  meaning  iwlative  to  one  anotlier. 

Some  the  tUfeuUieM  may  be  referred  to,  chiefly  for  the  purpose  of  keeping 
in  mind  wlwte  foruier  retearch  is  needed,  but  also  on  aoconnt  of  their  instructive 

nature. 

A I  the  time  of  the  first  publication  of  the  theory,  objection  was  made  to  it 
on  the  ground  that^  in  the  case  of  ammonium  chloride,  it  was  possible  to  sepante 

by  difPiision  the  products  of  dissociation,  NH,  and  HCl,  m  hereas  this  could  not  be 
done  in  the  case  of  Xa  nnr]  CI  ions  in  water.  Although,  at  the  present  time,  the 
explanation  given  by  Arrhenius  (1901,  p.  176)  is  generally  accepted,  it  is 
instructive  to  refer  to  it  on  account  of  the  fact  that  it  turns  up  in  various  forms. 
Hiia  explanatioa  rests  on  the  «dstence  of  the  electric  ehaxge  on  the  ion^  whereas 
the  products  of  ordinary  dissociation  ate  devoid  of  charge.  This  charge  is  the 
very  large  one  of  96,500  coulombs  per  equivalent. 
Suppose,  then,  that  we  have  in  a  tube  a  stratum  of 
water  lying  over  one  of  a  solution  of  sodium  chloride. 
If  the  Na  and  Ci  had  no  charge,  the  latter,  which 
diftiisciH  much  more  rapidly  Uian  Na  (in  the  ratio  of 
68  to  45),  would  be  found  in  excess  in  the  water 
layer  after  a  short  time.  But  when  only  10'^-  Lrram- 
equivalents  of  CI  in  excess  of  Na  ions  have  passed 
to  the  upper  layer,  this  layer  would  have  a  negative 
charge  of  96,500  xlO'"  coulombs  or  96,600  xlO^u 
x3xlO'*e=290  electrostatic  units,  a  quantity  of 
electricity  which  would,  on  a  sphere  of  10  cm.  radius, 
give  a  spark  of  0  3  cm.  Now  it  is  easy  to  calculate 
that  the  electrical  forcen  produced  by  the  undetectable 
ankount  of  10'^^  gram-equivalents  of  CH  far  exceed  any 
possible  osmotic  force  which  would  cause  unequal 
diffusion  of  thp  two  ions.  The  electrostatic  unit  of 
<electromotive  force  is  about  .300  volts,  so  that  the 
above-mentioned  290  units  would  give  a  potential  of 

^.8,700  volts,  on  a  sphere  of  10  cm.  radius, 
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in  round  numbers  say  10*  volts.  Ihis  would  be  about 
the  same  if  the  charge  were  given  to  a  cube  of  li<}uid 

of  10  cm.  side  in  a  diffusion  vessel. 

Let  us  take  now  a  stratum  of  half  normal  sodium  chloride  solution  one  centi- 
metre high  and  one  square  centimetre  in  section,  and  imagine  a  potential  of  10* 
Tolls  at  the  end  A  and  zero  potential  at  B  (Fig.  54). 

The  sodium  chloride  is  further  suppo.sied  to  l)e  distributed  in  such  a  manner 
that  it^  concentration  at  A  is  zero  and  at  B  nrnnial,  half  normal  midway.  It 
is  assumed  to  be  completely  dissociated  for  sake  of  simplicity.    On  the  CI  ions 

V  V 

there  is  acting  an  deotrical  force  of  'j  x  s^  where  y  is  the  fall  of  potmtial  per 

centimetre,  ie.,  10*  volts,  and  s  is  the  amount  of  charge  on  the  ions,  t.e., 

96,500 

"^QQQ  =48*2  coulombs,  since  the  solution  contains  per  cubic  centimetre 
0-6 

gram  ions.   The  total  f>rce  acting  is — 

48*2  X  10*«volt-coulombs  per  centimetre  (  Ar  rhenius,  1901,  p.  6)  =  48'2x  10^^  dynes. 
The  osmotic  force,  on  the  other  hand,  wliich  act»  on  the  bame  CI  ions  is  given  by 
the  diflbrenee  between  the  osmotic  prsssures  of  the  normal  solution  at  B  and 

273  +  18 

that  of  zero  concentration  at  A,  i.e.,  at  18',  22  4  x  —  24  2  atmospheres,  or 
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23*9x10*  dyne*.  The  osmotic  force  is  therefore  2x10^  times  less  than  the 
electrostatic  force  preventing  diffusion  \  in  other  words,  the  latter  is  200,000  times 
as  strong.  We  see  then  how  an  extraordinarily  minute  excess  of  CI  over  Na  ions 
would  sutiice  to  prevent  any  further  diffusion.  If  one  ion  moves  on,  the  opposite 
one  must  follow  it  at  an  infinitesimal  distance. 

A  more  difficult  i^ttestion  ariaes  from  considerationB  of  energetics.  We  know 
that  sodium  and  chlorine  combine  with  the  evolution  of  heat  in  considerable  amount* 
so  that,  in  order  to  separate  tbem  as  ions  when  the  compound  is  dissolved  in  water, 
a  corresponding  amount  of  energy  must  be  supplied  from  some  source.  The  fact 
that  ions  are  hydrateti  seems  to  offer  a  posi^ibiiity,  if  we  regard  the  hydrates  as 
chemical  compounds,  formed  with  CTolution  of  heat. 

Bousfield  and  Lowry  (1907,  p.  125)  suggested  that  the  atfinity  of  the  "ionio  ottoleus"  lor 
water  is  the  raafn  tonroe  of  the  energy  required.   Further  evidence  for  this  view  is  given  by 

Bousfield  (1012,  p.  149).  The  argument  may  be  put  very  briefly  thus  :  Atoms,  being  r;  jn 
of  large  uumbera  of  more  minute  bodies  or  corpuscles,  may  be  regarded  as  ootiiprtitidible. 
The  heat  of  formation  tA  a  compound  is  found  to  be  approximately  e<[ual  to  the  sum  of 
certain  "calorific  con.stant.t"  of  tho  components,  together  with  0'875  iv,  where  6V  is  the 
ctuume  of  atomic  volume  which  take.s  place.  From  this  fact,  the  internal  energy  ot  an  atom 
li  to  De  r^^aided  as  the  sum  of  the  kinetic  energy  of  the  corpuscles,  and  of  tlie  potential  energy 
due  to  their  mutual  attraction.  The  fact^ir,  0  S75  3V,  therefore  represents  the  change  in 
internal  energy  of  the  atoms  due  to  tb&ir  cliange  of  vulume  on  combination.  How  compression 
or  eootoaetioa  dindnishes  the  internal  ent  t  ^  v  of  an  atom  by  approximation  of  mutually 
attractive  corpuscles  maj'  be  found  on  p.  151  ot  the  original  paper.  Applying  these  consider** 
tions  to  the  estimation  of  the  components  of  the  heat  of  formation  of  solid,  liquid,  and  ionio 
molecules,  it  is  found  that  5V  is  considerably  greater  in  the  ionic  state  than  in  that  of  solid 
or  liquid  ;  thu.s,  the  vnlnr  for  KCl  in  the  ionic  ptnte  is  42  T,  for  the  solid  .state,  32*5.  That  is, 
the  contraction  which  takes  place  on  combination  m  the  ionic  titate  is  greater  than  that  in 
the  solid  state,  and  nmy  well  be  the  source  of  the  energ}'  required  for  electrolytic  dissociation. 

Larmor  (1908,  p.  37)  'at'^s  the  possibility  that  "internal  potential  energy  is  released 
owing  to  the  iona  entering  laio  relations  of  closer  affinity  with  the  solvent.  There  is,  of 
coarse,  no  donbt  aa  to  the  capacity  of  molecular  forces  to  afford  the  energy  required,  hut  the 

auestion  «ttill  remains,  what  should  oau.se  them  to  give  it  up  for  the  purp^^'e  of  dissociating 
issolved  salts  \  We  may  say  that  the  affinity  of  an  ion  for  water  is  greater  than  that  which 
it  has  for  an  oppoeite  ion,  bnt  it  tbit  any  more  than  a  restatement  of  the  proUem  in  another 
form  ? 

A  further  difficulty  that  has  been  pat  forward  is  this.    Graotuig  that,  by  some 

mefins  or  other,  the  ions  have  been  separated,  what  is  to  prevent  the  opposite 
electrical  charges  from  nentrali^ini^  diu-  another  with  production  of  the  salt  again  I 
"We  have  seen  that  an  aiuilogouii  process  does  actually  occur  in  the  mutual 
precipitation  of  oppositely  charged  colloids.  The  answer  is  prohahly  bound  up  with 
that  to  the  previous  question.  The  forces  which  caused  the  dissociation  are  pre- 
sumably continually  active  in  preventing  recombination. 

There  is  no  doubt  that  the  diflee.t-nc  constant  of  the  solvent  is,  in  some  wav. 
intimately  involved  in  the  process.  It  is  not  an  ea.sy  matter  to  picture  the  way  iii 
which  it  acts,  hut  the  following  points  may  possibly  be  of  assistance  to  tlie  reader. 

Two  oppositely  charged  bodies,  as  is  well  known,  attract  one  another  with  a  certain  force, 
which  can  ne  measured.    It  miorht  be  supposed  that  this  force  would  be  independent  of  the 

fiul'.-tance  between  the  tun  hfKli.-.«.  prDvitit-d  that  it  1><'  an  insulator.     But  thi-  i.s  iK.t  SO,  as 

Jb'araday  found,  buppose  that  air  is  the  insulator  between  the  two  bodies,  and  that  they  have 
raeh  a  charge,  and  are  at  such  a  distance  from  one  another,  that  the  force  tending  to  bring 

them  together  is  equal  to  the  weight  of  10  e.  Xom  nut  petroleum  in  place  of  lir,  it  i^  found 
that  the  force  is  only  10/2*2,  and,  if  castor  oil  be  used,  it  is  onlv  10/4-3.  The  denominators  of 
these  fractions  are  known  a«  the  "dieleetrio  oonstaats**  of  the  liquidB,  and  they  play  a  part  in 
other  connectimi^^.  The  capacity  of  a  .  nndenser,  for  instance,  is  greater,  the  gre  itLi  the 
dielectric  constant  of  the  material  between  the  plates ;  that  of  mica  beins  8,  the  reason  for 
nmng  this  material  instead  of  paraffin,  with  a  dielectric  constant  of  oDiy  2*3,  is  obvious. 
_^(.or  -  liT  '  to  the  modern  theory  of  electron."?,  the  dielectric  con.'-tant  is  the  p^reater,  the  latirer 
the  uuiuber  of  electrons  present  in  a  given  spacH  of  the  substance.  These  act  as  conducting 
particlea  and  are  surrounded  by  an  insulating  substance  of  very  special  properties,  the 
luminiferous  ether.  In  the  course  of  their  propagntion  through  a  non  conductor,  electric 
forces  must  exert  liu  action  on  these  electrons  ;  so  that  it  can  be  understood  why,  the  more  of 
them  there  are,  the  greater  is  the  obstruction  to  the  forces.  Tlic  connection  between 
electricity  and  light.  !is  the  render  will  remember,  was  worked  out  by  Clerk  Maxwell,  and.  in 
the  present  connection,  it  is  of  interest  to  recall  the  fact  that  the  dielectric  constant  of  a 
enbetanoe  is  identical  with  the  equare  of  ii^  retractive  index,  as  odeulatcd  for  light  of  very 
long  wave  length  or  electric  waves  {Maxwdl  tk  Lavi\. 
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Of  all  liquids,  with  tlie  exception  of  pnissic  acid,  hydrogen  peroxide,  and 
formamide,  water  has  the  highest  dielectric  constant,  about  80  tim^  that  of  air, 
while  the  majority  of  other  liquids  have  values  which  vary  betwoen  40  for  aitro- 
ioetlMne,  and  6*46  for  acetic  acid.    When  a  substance  is  soluble  in  more  than  one  of 

theie  various  liquids,  it  is  found  that  its  conductivity,  or,  in  other  words,  the  degree 
to  which  it  is  dissociated,  is  greater,  the  higher  the  dielecti  ic  constftnt  of  the  solvent 
(J.  J,  Thomson,  1893,  and  Nernst,  1894,  independently).  The  foUowiiiL'  nuuiliei-a 
will  serve  as  illustrations  (Waiden,  1906).  The  solute  is  tetra-ethyl  ammonium 
iodide,  on  account  of  its  sQlubility  in  a  ▼ariety  of  organic  solvents. 


1 
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Centnerszwer  0902,  p.  223)  gives  the  molecular  conductivity  of  potassium  iodide 
m  pni&sic  acid  a«  262,  compared  with  that  in  water  as  80.  The  dielectric 
constant  of  liquid  prusdc  add  is  95. 

The  significance  of  this  fact  in  connection  with  the  meaning  of  the  dielectric 
constant  as  allowing  charged  bodies  to  approach  nearer  to  one  another  without 
anion  of  tlieir  charges  is  that,  supposing  we  assiime  that  the  oppositely  charged 
ions  h.ive  Ix-en  separated,  a  solvent  with  a  high  dielectric  constant  will  enable 
them  to  come  much  nearer  to  one  another  without  combination  tiiau  in  a  solvent 
vith  a  low  dielectric  oonstantb  The  kinetic  energy  they  possess  enables  them  to 
venst  the  attraction  of  the  opposite  ions  when  much  nearer  together,  owing 
to  this  attractive  force  being  less  the  higher  the  dielectric  constant  of  the  solvit  j 
so  that,  on  an  averagei  a  larger  number  are  free  at  any  given  moment. 

Althoagh  ccn'^itl'  n'iona  of  Surh  ,i  V\rA  rnable  us  to  form  some  idea  thf  r(  n'rin^  wliy  ions 
do  not  all  comhme  with  their  oppositely  ciiarsed  fellowa,  it  is  not  uUvious  wlmt  causes  their 
r>hginAl  sepamtian,  when  a  solid  salt  is  plaoed  in  water.  If  we  admit  Faraday'fi  view^  of  the 
*!♦-■  trical  nature  of  chemical  affinity,  it  seems  possible  that  the  electronic  forces  of  the  dielectric 
may  iie  involved.  When  molecules  are  separated  from  one  another,  as  in  the  proceass  of  dis- 
tolving  a  solid,  it  may  be  that  they  are  more  aooeosible  to  forces  tending  to  break  the 
^^t'iiidtion  between  their  constituent  ions,  and  as  the  jseparntion  i-  (  fleeted,  the  high 
lotulating  pow^r,  or  daeleotrio  constant,  ox  the  solvent  prevents,  to  a  varying  degree,  their 
itKombinatton. 

Perhaps  the  most  serious  dithculty  in  the  Arrhenius  tlieory  is  the  behaviour 
of  strong  adds,  strong  bases  and  salts,  as  compared  with  that  of  weak  acids  and 
vsik  bases.    In  the  latter  case,  as  Ostwald  showed,  tlio  proportion  of  dis- 

?^'"iateii  to  combined  niolecnles,  when  the  solution  \%  diluted,  obeys  a  law  deduced 
from  raa^s  action  simply  and  known  as  Ostwald's  ''dilution  l<mo."  In  the  former 
case  the  law  ia  t|uit«  different.  In  a  paper  by  A.  A.  Noyes,  Meicher,  Cooper, 
sad  Eastman  (1910,  p.  375),  attention  is  called  to  the  fact  that  the  electrolytic 
<KMoeiation  in  the  former  case  of  salts,  strong  acids,  and  strong  bases  *'u  a 
phenomenon  primarily  detwmined  not  hy  specific  chemical  athnitics,  but  by 
♦'l*:^:trical  forcf»s  arising  from  the  charii^es  on  the  ions  ;  that  it  is  not  pf^'crtcd 
\«»x:f'j  ♦  in  a  secondary  degret')  by  chemical  mass  action.  Imt  is  ri'iijulatod  by 
certain  general,  comparatively  simple,  laws,  fairly  well  established  empirically,  but 
of  Qknown  theoretical  significance ;  and  that,  thofefore,  it  is  a  phenomenon  quite 
diitinct  in  almost  all  its  respects  from  the  phenomenon  of  dissociation  ordinarily 
"^^hibited  by  chemical  snhstances»  including  that  of  the  ionisationof  weak  adds 
«od  bases.'' 

Tin.  rtvi^ons  for  this  view  can  be  foimd  in  the  orijjinal  paper  ;  \ve  imi'^t  be  mntcnt  here 
Vith  reference  to  the  similar  dissociation  values  for  SMte  of  ditlereot  chemical  nature  but  ol 
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the  same  ionic  type,  the  propoition  of  Umm  valtwt  to  valency,  the  small  effect  of  tempw>tar» 

on  the  diasociation  of  salts,  atroTiLr  acids  and  lAses,  and  its  parallelii^m  with  tlia*  thfr 
dielectric  constant,  the  exponential  relation  between  dissociation  aiti  coaceutratioQ,  which  i» 
not  the  Sftine  as  that  required  bv  the  law  of  mass  aotiOD,  and  the  fact  that  the  optical  and 

similar  propertic-  (A  dis-^ociat^a  saUh  (in  aquiroolar  concentration)  is  independent  of  this 
actual  concentration,  and  tiierefore  uf  their  oisaociatiou,  it  the  solution  is  even  moderately 

dUttta 

With  raapect  to  the  inflaeoce  of  Umptraiwrtf  the  actual  effsot  <m  diiwociatiop 
most  he  dii&ngtiished  from  that  on  the  rate  of  migratum  of  the  iona.  TIm 

temperature  cfx'ffi'  if^nt  of  conductivity  of  n  snlt  is  alx^ut  1  p«^'r  cent,  per  degree,  as 
shown  by  Arrhemus  (1901,  p.  136),  but  tln^  is  almost  entirely  accounted  for  by  tbe 
increased  velocity  of  the  ions,  due  to  diminution  of  internal  friction  of  the  solvent. 
The  aetual  inereaae  Ui  number  of  ions  ia  very  small  indeed.  In  anotiier  claaa 
of  eaaes,  which  are  regarded  by  Voyes  and  his  co*worfcen  (1910)  as  being  of 
a  more  strictly  chemical  nature  (se*^  below),  the  increase  in  number  of  ions  is 
conaiderabh?  as  the  temperature  is  raised.  Water  itself  is  a  striking  example. 
According  to  the  data  of  Kohlrausch  and  Heydweiller  (1894^  p.  209),  the 
temperature  ooefficiettt  of  to»tM<wm  of  water  at  18*  is  5*32  per  cent.  (Nemst^ 
1911,  p.  670).  This  fsct  is  in  agreement  with  the  great  heat  of  electrolytie 
dissociation  of  water. 

As  remarked  a>>ovT%  Noyes  mv\  his  coadjutors  (1910,  p.  376)  suggjest  that 
iona  may  form  two  different  kinds  of  molecules,  electrical  and  chemical.  In 
the  first  case  the  union  is  not  so  strong,  and  the  constituents  still  retain  their 
electrical  charges  and  their  characteristic  optical  eflbcts.  Secondarily,  the 
ions  may  unite  in  a  more  intimate  way  to  form  ordinary  uncharged  molecules, 
whose  constituents  have  completely  lost  their  identity  and  original  charaeteri'^ti'\s." 
"In  the  case  of  salts,  inorganic  acids  and  bases,  tiie  tendency  to  form  chemical 
molecules  is  comparatively  slight,  so  that  the  neutral  electrical  molecules 
predominate.  In  the  organic  acids,  as  a  rule,  chemical  molecules  predominate. 
These  latter  are  .formed  in  accordance  with  the  law  of  mass  action,  while 
electrical  molecules  are  formed  in  accordance  with  an  entirely  different  principle^ 
whose  theoretical  basis  is  not  understood." 

(I.  N'  vis  (1010.  p.  218)  also  calls  attention  to  the  deviation  <  f  tlu  se  salts,  strong  acids 
and  btv-se^,  irom  the  moss  action  law,  and  pointi  out  that  it  is  thu  tuoUerately  concentrat«d 
solutions  that  are  abnormal;  in  highly  dilute  .<^olutions  the  behavtoor  is  ia  agreoment.  The 
iona  themselves  seem  to  obey  the  laws  of  perfect  solutions,  so  that  we  must  turn  to  tbft 
undisBOoiat^d  mokcules  for  an  explaaation  of  the  anomalies.  The  author  refers  to  cases  wherc^ 
amuniiig  normal  hehavicur  of  ions,  correct  results  are  predioted,  altliongh  the  undiesoeiatod 
part  is  nsgleoted. 

A  deduction  from  the  electrolytic  dissociation  theory,  which  has  been  verified 
by  independent  metluHls,  is  the  constancy  of  the  product  of  the  concentrations 
of  H*  and  OH'  ions  in  dilute  aqueous  solutions.  Finally,  the  Nemst  equation 
tor  the  electromotive  force  of  concentration  batteries  giveu  good  results  when 
the  concentration  of  the  ions  alone  is  considered.  Lewis  (p.  219)  also  refers 
to  a  calculation  which  he  made  involving  the  use  of  three  principlea  all  founded 
on  the  Arrh(»nius  theory,  viz.,  the  Nernst  equation,  the  solubility  product,  and 
the  dissociation  constant  of  water.  The  result  was  different  from  the  value 
accepted,  but  independent  investigation  by  Uaber  and  by  Nemst  immediately 
afterwards  showed  perfect  agreenient  with  the  calculated  value.  As  the  author 
remarks :  "  The  calculation  would  obviously  have  been  vitiated  if  any  one  of  the 
principles  used  had  been  unreliable."  On  the  whole,  the  evidence  indicates 
that  later  and  better  theories  will  be  developments  of  the  first  simple  one  of 
Arrhcnius,  not  substitutes  for  it.  It  must  not  be  forgotten  that  the  propounder 
of  the  theory  has  always  been  ready  to  admit  the  difficulties.  Whether  the  views 
of  Noyes  will  be  found  to  explain  some  of  these  remains  to  be  seen ;  there  are  no 
doubt  many  objections  to  be  made  to  their  bare  present  form.  Periiaps  this 
point  of  view  may  also  supply  an  answer  to  the  question  why  a  concentrated 
sf>lution,  siiv  of  potassium  chloride,  in  which  (mly  S')  per  cent,  is  dissociated, 
exhibits  only  the  properties  of  ions.  Has  the  KCl  molt^ule  no  properties  of 
its  ownt 
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Arrhenius  himself  (19H,  p.  1424)  points  out  that  the  dielectric  constant  of  the  solvent  ia 
uor«Med  by  the  preaenoo  of  strong  electrolytes  of  h^her  ditdectrio  oonstanta  tluui  itselL 
This  would  tacmM  its  cUMOd»ting  power. 

It  must  be  admitted  that  some  intemperate  partiaauB  of  the  electrolytic 
diesociatum  theory  may  have  claimed  too  much ;  at  any  rate,  the  sweeping 
statement  that  all  chemical  reactions  are  between  ions  must  not  be  made  without 
the  qualification  that  no  absolute  proof  of  the  absence  of  the  intervention  ol 
electrical  forces  has  been  given  in  any  particular  reaction. 

THE  ACTION  OP  IONS  IN  PHYSTOLOGTOAL  PROCESSES 

When  we  come  to  consider  the  part  which  clLcUolytes  play  in  the  processes  of 
the  liviog  organism,  we  have  to  note  tiiat  there  are  three  modes  in  which  they  may 
act*  In  the  discuaaioo  of  the  eoUoidal  state,  we  saw  that,  in  the  intervention  iL 
nantral  salts  in  such  phenomena,  we  may  distinguish,  in  the  first  place,  an  effect 
Mnnected  with  the  electrical  charge  on  ions,  specially  marked  with  ions  of 
valencies  above  one,  and  not  in  relation  to  the  chemical  nature  of  the  ions  ;  so  tliat 
the  effect,  say,  of  Ca'  *  is  not  to  be  distinguished  from  that  of  Ba'  *.  Especially  in 
the  case  of  muItivaJent  iona,  this  action  is  manifested  by  very  small  concentration. 
It  may  be  illustrated  by  the  effect  of  simple  trivalent  ions  on  the  heart,  an  action 
which  does  not  seem  to  be  associated  with  the  chemical  nature  of  these  ions,  since 
it  is  shown  by  a  large  number  of  them,  and  in  extraordinarily  low  concentrations 
(Mines,  1911). 

In  the  second  place,  there  is  an  action  shown  by  salts  usually  in  somewhat  high 
ooooeiitratioii,  whidi  is  not  directly  connected  with  their  electrical  charges  as  such, 

and  is  most  satisfactorily  explained  as  l>elng  an  actioi\  of  some  kind  on  the  solvent, 
**lyotropic,^*  as  it  is  called  by  Freundlich.  This  is  shown  in  the  "salting  out"  of 
proteins,  and  in  the  various  efTects  of  anions  and  cations  on  such  processes  as 
imbibition,  in  which  the  "  Hofmeister  series  "  is  followed. 

In  the  third  place,  there  are  the  actions  in  which  differences  of  a  more  chemical 
kind  come  into  play.  Such  cases  are  those  of  potassium  and  sodium  salts  on  the 
heart  muscle.  In  these,  we  know  that  it  is  the  ions  which  are  concerned,  nnd  not 
the  molecules  of  the  salts,  by  the  facts  that  the  action  i--  shown  by  solutions  so 
dilute  that  undissociated  molecules  are  nearly  absent,  and  that  it  does  not  matter 
what  partioulMr  salts  of  these  metals  are  used 

Other  iitBtatioeB  tliat  may  be  given  are  the  effect  of  ealoliim  ione  on  the  olotting  of  blood, 

in  which  even  closely  rda ted  elements,  s^uch  as  V>driuni.  are  unable  to  replace  oalciuin;  and 
the  powerful  action  of  bahom  in  producing  contraction  of  smooth  muscle. 

HTDROOEN  AND  HYDROXYL  IONS 

The  great  activity  of  acids  and  bases  in  vari<^*us  ways  is  a  familiar  fact,  so  that, 
in  our  consideration  of  the  various  ions  of  physiological  importance,  it  is  natural  to 
take  these  first. 

It  is  also  a  matter  of  common  experience  that  the  properties  associated  with 
them  nro  much  more  strongly  marked  in  the  case  of  certain  chpmicnl  indivi<luals 
tluuj  in  otiiei-s.  Some  acids  will  turn  out  others  from  combination  ;  their  solutions, 
in  eijual  strength,  taste  much  sourer,  and  some  invert  solutions  of  cane-sugar  more 
rapidly  than  others,  in  the  same  molar  concentration,  do. 

It  is  here  that  the  electrolytic  dissociation  theory  has  ^hown  itself  to  be  of 
especial  value,  in  that  it  is  able  to  give  precise  numerical  values  to  express  the 
acid  or  alkaline  properties  of  a  solution.  Now  what,  a»  fording  to  this  doctrine, 
is  the  character  common  to  all  acids  and  what  to  aii  iiafies?  Obviously,  the 
hydrogen  ion  in  the  first  case  and  the  hydroxyl  ion  in  the  second.  Hydrochloric 
and  acetic  acids  in  solution  are  dissociated  into  H*  and  CI'  and  into  H*  and  acetic 
anion  respective! v  ;  the  only  chemical  suUstancp  common  to  both  is  the  11'  um. 
But  why  is  hydrochloric  acid  the  strotiLrei*  of  the  two,  a«i  is  so  obvious  in  many 
ways  \  The  answer  is  given  by  measurements  of  the  electrical  conductivity  of  the 
two.  Hydrochloric  acid  is  a  much  better  conductor;  it  is  therefore  more  highly 
dissociated  and  contains  a  much  higher  concentration  of  hydrogen  ions.    Here  we 
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have,  then,  a  numerical  value  for  the  acidity,  namely,  the  conf  (  ntration  in  H*  ions. 
Similar  considerations  apply  to  bases,  say  sodium  or  ammunium  hydroxides,  and 
here  the  eonoMitmtion  in  OH'  ums  gives  a  measure  of  the  alkalinity  of  a  solution. 
As  will  be  shown  later,  the  produofc  of  the  H'  and  OH'  ion  concentrations  in 
solutions  in  water  is  a  constant  quantitj;  it  is  clear,  therefore,  that  along  with 
any  OH'  ion  coneentration  a  definite  H*  inn  concentration  is  connecter!  For  the 
sake  of  uniformity  it  is  the  custom  to  express  both  acidity  and  alkalinity  in  terms 
of  II*  conceutration.  Thus,  neutrality  means  the  concentration  of  the  two  ions 
as  they  are  present  in  pure  water,  1  x  10"^  at  25%  and  any  conoentratton  of 
hydrogen  ion  less  than  Uiis  means  alkalinity  and  any  greater  means  acidity. 

It  is  sometimes  trou>)k'Siinie  to  refer  repeatedly  to  expresaions  audi  as  1*3 x  10~*  and  to 
on.  Hence  borcsosen  (1909,  p.  2S)  bait  advocated  the  use  of  the  nemtive  expcment  of  10  as  a 
poaitive  whole  nunber,  eslluig  It  the  **hydra^-ioii>exponent"  or  P^^.  Thus  5  x  IQ-^  is  the 

flame  aa  10-*'*,  and  a  aolutioti  having  this  conoentration  in  hydrog^D  loas  is  said  to  have 
a  P^.  of  6'3.  A  oentinonnal  lolutioii  of  bydrochlorio  aoid  it  0*00016  nomaal  in  hydrogen  ions. 

To  express  this  as  a  power  of  10,  we  must  remernher  thnt  it  is  the  custom,  for  the  coTivrmVnce 
of  tables,  to  conaidtir  the  decimal  part  of  a  negative  logarithm  as  positive.  Thus  log  (J  t.KJ9l6 
is  expressed  aa  3-062  or  -3+0*002,  Uiat  is,  -S-OOS,  which  ia  the  exponent  we  requu  e,  and 
the  V^.  is  2'038.   This  method,  although  conTeoient  in  pnetioSi  has  oertsin  diaadvaatagm 

for  the  beginner.    The  P^.  values  diminUh  as  the  acidity  tncreaaes.    Moreover*  while  it  is 

easy  to  ?^  that  a  H'  concentration  of  4  x  lO"*  is  double  that  of  2  x  10".  it  is  not  at  onco 
obvious  that  a  P^^.  of  5-398  means  double  the  acidity  of  one  of  6  699.    One  has  to  get 

aoQustoroed  to  thinking  in  negative  logarithms. 

Perhaps  one  of  the  most  striking  iscts  with  regard  to  acids^  and  in  itself  strong 
evidence  of  the  truth  of  the  Arrhenius  theory,  is  that  the  heat  produoed  by  the 

neutralisation  of  equivalent  amounts  of  the  most  various  acids  is  pnbctic&lly 
identical.  This  is  easily  accounted  fnr  if  due  to  the  union  of  the  H*  ions  of  the 
acid  with  the  OH'  ions  of  the  base.  On  the  other  hand,  the  fact  has  been  brought 
as  an  objection  to  the  view.  A  wealc  acid  is  baid  to  be  such  because  it  conUuns 
a  less  nomher  of  H*  ions  than  a  strong  one;  henoe,  it  is  said,  if  the  beat  of 
neutralisation  is  due  to  the  combination  of  these  ions,  it  should  be  less  in  the 
former  case.  The  nature  of  electrolytic  dissociation  as  an  equilibrium  is  lost  sight 
of  in  this  objection  ;  as  soon  as  the  free  ions,  say  of  half  the  acid  present,  nrr> 
neutralised,  the  remaining  uudissociated  acid  at  once  becomes  half  dissociated,  its 
ions  are  then  neutralised,  and  so  on,  until  the  whole  of  the  acid  has  passed  through 
the  stage  of  ions  and  all  the  hydrogen  ions  have  combined  with  the  hydroxy  1  ions  of 
the  base. 

To  return  to  the  qtiestion  of  strong  and  v>:ah  acids.  We  remember  that  the 
reason  why  hydrochloric  acid  is  so  much  stronger  tiian  acetic  acid  in  the  same 
concentration  is  because  the  former  is  so  much  more  highly  dissociated.  Since  in 
very  great  degrees  of  dilution  even  weak  acids  are  almost  completely  dissociated, 
it  is  clear  that  the  difference  between  strong  and  weak  acid  becomes  less  as  the 
concentration  is  diminished.  While,  therefore,  it  is  sufficient,  in  order  to  define 
the  acidity  of  a  particular  solution,  to  state  the  value  of  its  <  oncentration  in 
hydrogen  ions,  it  is  useful  to  be  able  to  compare  the  strength  of  diiierent  acids  by 
numbers  independent  of  concentration. 

This  can  be  done,  in  the  case  of  a  large  number  of  acids,  by  means  of  their 
disBoeiadon  constants.  To  understand  the  significance  of  ^l-  e  values,  we  must, 
at  some  risk  of  repetition,  refer  to  the  law  of  Mclss  actioti.  The  historical  develop- 
ment of  this  law  will  be  dealt  with  in  Chapter  X.,  and  a  brief  description  only 
will  be  given  here.  The  law  in  its  simplest  form  states  that  the  rate  at  which 
any  reaction  proceeds  is  directly  proportional  to  the  amount,  or  rs,ther  concentra- 
tion, of  the  reacting  substances.  We  have  already  seen  cases  where  the  whole 
ma.ss  of  a  substance  preset  is  not  concerned  in  the  chemical  reaction,  as,  e.g.^ 
in  heterogeneous  systems,  where  tlie  "  active  mass  "  dejiends  on  the  surface,  but, 
if  we  understand  "mass"  in  the  alxnc  statement  of  the  law  to  mean  the  mass 
actually  taking  part  in  the  reaction,  we  may  regard  it  as  unconditionally  true  fur 
all  kinds  of  reactions.  It  is,  of  course,  unnecessary  to  remark  that  the  actual 
rate  of  any  particular  reaction  depends  on  all  kinds  of  conditions,  which  can  be 
grouped  together  in  the  form  of  a  constant  (K),  as  long  as  they  remain  unchanged. 
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Hie  law  of  maaa  action  means  that,  other  things  remaining  constant,  doabling 
the  concentration  of  any  one  of  the  reacting  substances  doubles  the  l  ate  of  the 
reaction,  so  that,  if  two  are  doubled,  the  rate  is  four  times  as  fast,  and  so  on. 
Tlie  necessity  of  tlii.s  fact  on  the  kinetic  theory  is  obvious.  Thus,  the  rate  at 
which  a  reaction  goes  on  depends  on  the  number  of  oolliaions,  per  unit  of  time, 
that  oocnr  between  the  reacting  molecules.  Clearly,  if  the  number  of  one  kind 
of  these  molecules  in  a  given  space  is  doubled,  the  number  of  collisions  is 
doubled,  and  if,  also,  the  number  of  the  other  kind  is  then  doubled,  this  rate  itself 
will  be  doubled;  so  that  the  effect  of  doubling  the  concentration  of  both  is  to 
mfiltiply  by  the  rate  due  to  the  increase  of  both,  that  is,  by  four. 

It  ia  usual  to  express  the  concentrations  of  ^e  reacting  substances  by  the 
use  of  braoke|s  ^  thus  the  rate  of  the  reaction : — 

A  +  B5:C  +  D 

in  whicli  A  and  B  react  with  the  production  of  Q  and  D,  while  C  and  h  react 
to  form  A  and  B,  is  expressed  as : — 

k(a).(B):|:k'(C).(D)  or 

K(CMC).tKXC)c(C)o 

A,  B,  C,  D  may  stand  for  the  concentrations  of  acetic  acid,  ethyl  alcohol,  ethyl 
acetate^  and  water,  and  the  formula  would  then  read 

K(HA).(E<0H)5:K'(E«A).(H,())  or 

where  K  and  K'  are  the  velocity  constants  of  the  two  reactions  respectively.  We 

note  further  that  the  ratio  of  these  two  quantities  will  define  the  compo<;ition  of 
the  system  in  equilibrium  ;  if  one  reaction  proceeds  twice  as  fast  as  tlie  other, 
it  will  be  clear  that,  in  order  to  bring  up  the  rate  of  the  slower  reaction  to 
that  of  the  faster,  as  must  be  the  case  in  equilibrium,  the  concentration  of 
the  reacting  substances  in  its  case  roust  be  correspondingly  increased. 

Now  it  was  pointed  out  by  Arrhenius  that  electrolytic  dissociation  must  l>e 
governed  by  the  law  of  mass  action.  In  order  to  understand  its  application 
to  this  case,  let  us  consider  the  eth}^  acetate  reacti*  m  in  equilibrium,  thus  : — 

(alcohol)  (acid)  =  K  (ester)  (water), 

where  K  is  the  ratio  of  the  two  velocity  constants  of  our  previonv  formula?  and 
is  known  as  the  eqniJihriftm  constant,^'  and  the  names  in  brackets  mean  the 
respective  concentrations  of  these  substances.  Suppose  that  we  increa,se  the 
concentration  of  any  one  of  the  components,  it  is  easy  to  see  that  it  involves 
simultaneous  changes  in  all  the  others ;  for  example,  if  we  increase  water,  ester 
is  diminished,  in  order  to  maintain  constant  value  of  the  product,  and  ester 
cannot  be  decrenseil  without  increase  of  acid  and  alcohol.  Perhaps  the  matter 
will  be  made  clearer  if  we  put  the  equation  2:iven  above  into  the  form  : — 

1*     (alcohol)  (a<-id) 

JB^tm    —  .  — 

jester)  (w;it<'r) 

If  water  is  increased,  the  value  of  the  fraction  may  be  kept  constant  by 
increase  of  either  alcohol  or  acid,  but  neither  of  the^e  can  occur  without  the 
oUmt  nor  apart  from  hydrolysis  of  part  of  the  ester. 

Take  next  acetic  acid  in  water ;  the  reversible  reaction  is 

ha;^h*  +  a' 

and,  by  oiass  action : —   

K(H A)  -  (H-WA)  or  K  - 

K  being  the  equiUbrium  constant. 

Put  a  ■■degree  of  dissociation,  so  that  if  a»0*5,  half  the  molecules  of  the 
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acid  are  dissociated ;  then,  it  V  is  the  volume  of  the  solution  containing  one 
molecule  of  the  electrolyte : — 

a  -        a  -       1  —  41 

(H*)  -  ^,  and  also  (A') «    sinoe  they  are  equal  to  each  other,  and  (HA)  *-  y 


Therefore 


o  .  1— o 

■  M  -r      I  — 


This  result  was  worked  out  by  Ostwald  (1888),  and  is  known  as  his  "ZWwIioft 

Law,^  It  is  found  experimentally  to  apply  to  weak  acids  and  bases.  To  saltan 
strong  acids,  and  bases  a  different  law  applies,  a  law  which  is  not  dq>6ndent  on 

mass  action,  as  described  above  (page  182). 

It  will  be  seen  that,  when  the  dilution  law  applies,  the  constant  K  (known  aj» 
the  disaocialion  amsiant**  or  affinity  constant")  is  independent  of  dilution 
and  is  valuable  in  comparing  the  strength  of  the  electrolytes  oonoemed.  The 
following  series  may  be  found  useful.  The  basic  constants,  of  course,  indicate  the 
strength  as  bases,  an'!  are  obtained  from  the  concentration  in  OH'  ions.  The 
substances  with  both  acidic  and  basic  properties  are  known  as  "amphoteric,"  asyi 
will  be  discussed  later.  v 

Tablk  of  Dissociation  Constants  ^ 


Substance. 


Aoidio  CoDstAQt.  Basio  Constant. 


Avthortlyw 


Trichloracetic  acid 
Oxalic  acid 
Ihchluracetio  add 
Maleic  acid 
Trichlorlactic  acid 
M  <  inochloracotio  add 
Salicylic  acid  • 
Tartaric  acid  - 
Mandclic  acid  • 
Lactic  acid 
Asparttc  add  • 
Succinic  acid  - 
Benzoic  acid  • 
Acetic  add 
Ca prole  acid 
m-Amidobenzoic  acid 
Oarbonio  acid  (1st  coutant) 
ArseoiouR  acid  • 
Leucine  - 
Phenol  - 
(ilucoae  • 
Urea        •  • 
Aminoaio-lMDzeira 
Aniline 
(ilyoxaline 

Ainnomani  hydroxide 


121  X 
10  X 
51 -4  X 
Il-7x 
46  5  X 
15-5  X 
10-2  X 

97x 
41 -7  X 
13  8  X 

6-9  X 

en  ■ 

«tlx 
l-8x 

I  45  X 
9  b  X 
.3-2x 
(i-3x 
31  X 
1  3x 
5  1  X 


10-2 
10-=^ 

10  ^ 
10-' 

io-« 

10-* 
10-* 
l(H 
10-' 
10-5 
10-» 

10-5 
10-' 

10-8 

10-' 
10-10 

lO-'o 
10 

10-13 


«« I 

■  fl  « 
•«  • 
•  ■  * 

■  ■  • 


l-SxlD-M 


»■  • 


II 


l-9x  10- 


10  X  irH* 

2-7  X  10-12 


1  -5  X  10-='' 
8-9  X  10-" 
11 X 10-» 
1  -2  X  10-' 
2-3  X  IO-» 


Ostwaia  (1889,  p.  178) 
p.  281 


>» 


P- 
P- 
P- 
P- 
P- 
p. 
P 


177 
380 
194 
176 
247 
372 
272 
191 


Winlielb£ch  (1901,  p.  587) 
Oatwald  (I8S9,  p.  288) 
p.  24d 
p.  174 

p.  176 

Wiukelblech  (1901,  p.  687) 
Ostwald  (1897.  p.  169) 
Wood  (1908,  p.  411) 
Wiukelblech  (1901,  p.  587) 
Liuidfo(1908,  p.  83) 
p.  83 

M     p.  85 

M     p.  86 
Wiukelblech  (1901.  p.  586) 
Lund^u  (1908,  p.  87) 
Wittkdbtoofa  (1901,  p.  586) 


PhifHcHogieal  Action  if  Hydrogen  and  Hydroacyl  Itms, — *th»  great  aotiyity  of 
tfaeae  ions  in  physiologii^  processes  will  be  seen  in  v^ious  phenomena  to  be 

descriHod  in  later  pages.  This  activity  is  undoubtedly  in  many  cases  connected 
with  their  great  rate  of  migration,  a«?  compared  with  other  ions.  It  lias  been 
suggested  that  thiii  unusual  rate  is  due  to  a  special  effect  on  the  molecules  of  the 
solvent. 

We  have  already  had  occasion  to  refer  to  the  action  of  even  Tery  small 

concentrations  of  H-  or  OH'  ions  on  the  sign  of  the  electrical  charge  of  colloidal 

particles.  EKpecial  attention  may  also  be  called  to  the  great  sensitiveness^  of 
enzymes  in  this  respect,  probably  in  great  part  due  to  the  colloidal  nature  of  th^ 
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agents.  Means  will  be  indicated  later  by  which  changes  in  acidity  due  to  the 
prvKlucts  of  their  activity  may  be  neutralised,  and  their  activity  kept  constant,  in 
80  far  as  it  is  affected  by  this  change  of  acidity. 

Even  euzvmes  such  as  emulain,  which  do  not,  like  pepsin  or  trypsin,  require  fairly  strong 
icid  or  alkaline  reaction,  are  greatly  affected  in  their  rate  of  action  by  changes  such  as  are 
brought  about  by  the  addition  of  blood  serum.  This  is  not  generally  recognised  in  testing  for 
the  presence  of  "  anti-eniymes,"  and  has  led  to  the  belief  in  their  existence  when  the  result 
obtained  was  due  merely  to  reduction  of  H*  ion  concentration  (see  Baylis?,  1912,  2,  pp. 
460-462). 

The  heart  of  the  frog  is  affected  by  so  small  a  change  of  H-  ion  concentration 
as  that  from  neutrality  (10"^")  to  one  of  10"*'*,  and  is  killed  by  one  of  10~* 
{Fig.  55).    On  the  alkaline  side,  an  H*  ion  concentration  of  10~^<^  is  fatal.  The 
addition  of  0-036  mgm.  of   hydrochloric  acid   to    1  litre  of  distilled  water  • 
would  raise  its  H'  ion  concentration  from  10~"^  to  10~^ 

The  respiratory  centre  is  extremely  sensitive  to  very  minute  changes  in  the 
carlxmic  acid  pressure  of  the  blood,  i.e.,  in  all  probability,  to  changes  in  H*  ion 
concentration  from  dissociation  of  H„CO-. 


Fio.  55.    Effect  of  acid  on  the  isolated  heart  of  the  fkoo. 

i.  FVrlaswl  with  normal  Ringer'i  lolution,  with  H'  ion  concentration  of  10-'-'. 

B.  AfKr  f-cHnsion  for  twenty  ininut.e8  with  faintly  acid  Ringer's  »olution,  H-  ion  concentration,  1(M*, 

^  Alter  perftuion  of  the  acid  solution  for  eiphty  minutes.  The  upper  curve  in  each  ie  that  of  the  auricle.  The 
lower  one,  that  of  the  ventricle.  The  signi^  tfi^P"  time  in  Mscondn.  As  shown  by  the  time  Bi|;nal,  the 
rate  of  movement  of  the  surface  was  quickened  on  two  occasions  in  order  to  show  details  of  the  curves  better. 

(Clark,  1913,  1.) 

These  facta  will  suffice  to  show  the  importance  of  two  things  to  which  we 
mist  devote  some  attention.  The  first  is  the  means  of  exact  measurement  of  the 
H*  ion  concentration  of  a  solution,  the  second  is  the  capacity  possessed  by  the 
blood  and  the  cells  to  neutralise  even  considerable  addition  of  acids  or  alkalies, 
in  onler  to  maintain  the  state  of  nearly  complete  neutrality  which  is  essential. 

If  we  were  dealing  with  distilled  water  only,  the  addition  of  one-millionth  of  a  gram- 
molecule  of  hydruchlorio  acid  to  a  litre  would  raise  its  H*  ion  concentration  from  10""  "  to  10-*, 
that  is  more  than  ten  times,  a  change  that  would  be  fatal  to  raanv  delicate  protoplasmic 
processes.    The  mechanism  which  prevents  such  a  result  will  be  described  later. 

Meastirement  of  Hydrogen  Ion  Concentration. — Very  brief  consideration  will 
suffice  to  show  that,  in  the  case  of  weak  acids  and  bases,  or  even  strong 
ones  in  concentrated  solutions,  the  ordinary  methods  of  titration  by 
adding  a  standard  solution  of  acid  or  base  until  a  certain  change  in  a 
coloured  indicator  is  produced,  although  giving  valuable  information  as  to  the 
total  concentration  of  free  acid  or  base  {i.e.,  dissociated  plus  undissociated), 
are  not  sufficient  to  afford  the  desired  data  as  regards  the  H*  ions  of  the 
dissociated  fraction.  Different  acids,  as  we  have  .seen,  vary  considerably  in 
their  degree  of  dissociation  in  equimolar  solutions.    This  dissociated  part  is 
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always  a  certain  propnrtifm  of  the  total  acid  present,  so  that  the  riioment  a  part 
of  the  acid  haa  beeu  removed  by  tiie  addition  of  a  base,  the  reiuaiiiing  uctd 
nnderfOM  a fwther diasocifttioii  and  soon,  until  the  whole  of  the  acid,  whatevt-r 
its  original  diBsociation  was,  has  beoome  completely  dissociated  aad  its  hytii  ogcn 
ions  have  entered  into  oombtnatioil  with  the  hydroxyl  ions  of  the  bane. 

There  are,  however,  oertain  methods  by  M-hich  the  actual  hydrogen  ion 
concentration  can  be  erjLimated  without  causiiiir  anv  chanire  in  it. 

We  will  first  consider  tlie  use  of  Indicators.  Theae  are  certain  dves  wiiich 
have  a  purticular  colour  at  a  certain  concentration  in  H*  iona  ami  another  cdoiir 
at  anower  concentration  which  differs  very  little  from  the  first  Those  which 
change  colour  at  points  not  far  distant  from  neutrality  are  the  meet  useful^ 
especially  in  physiological  work. 

That  it  is  really  the  hydrcMgen  ion  ooacentration  that  theae  sabatanoes  "iodioate"  i» 
obtiow  if  we  take  a  series  of  five  dilutions  of  hydroeUorio  add,  ▼ic,  twioe  noniw1«  aonail, 

deci-,  cenli-,  and  niilli-iv  rm..!  ;  the  colour  of  crystal  violet  m  ill  )  .>  fouud  io  l  --  m  IIow  in  the 
first*  vellow-green  ia  the  second,  blue-greea  in  the  third,  blue  iu  the  fourth,  and  violet  id 
thefiflb.   Ko  aUuti  has  been  added,  ana  Uie  oidy  diflhreoee  between  the  n»io^ 
the  oonnt'nt ration  in  the  acid. 

The  whule  question  of  the  theory  of  iiidicatura  c&uuot  ba  entered  into  here,  but  may  be 
found  in  PHdeaux'  book  (1920).  Generally  speaking,  they  are  salts  of  cither  a  ver^*  weak 
acid  or  a  very  weak  base,  sometinjcs  the  free  acid  or  oase  itself  Th  >  <  hange  in  colour  i>  due 
to  the  electrolytic  dissociation  of  the  salt  with  the  production  ot  au  lou  which  has  a  ditierent 
odloar  from  that  of  the  free  nndissooiated  add  or  base. 

Since  the  strength  dt  the  indicator  acid  or  base  varies  in  the  different 
substances  used  for  the  purpose,  it  will  be  clear  that  the  acidity  of  a  giren 
solution  may  be  determined  by  the  use  of  a  series  of  indicators  changing  colour 
at  different  H*  ion  concentrations.  In  theory,  the  question  is  a  little  complicated 
by  the  existence  of  what  are  known  as  "pseudo-acids,"  which  have  a  different 
chemical  structure  in  the  free  state  to  that  in  their.  electroIyticaUy  dissociated 
9alts ;  but  the  explanatian  given,  which  was  origtnaUy  due  to  Ostwald,  is  not 
pnctically  altered  by  this  fact. 

That  indicators  «Io  actually  vi^ry  in  the  acidity  of  the  solution  to  whicii  they  resp<»nd  can 
easily  bo  seen  by  cuniparinK  metnyl  orange  with  phenolplithaleiti.  If  a  solution  ot  h^•d^o 
efaloric  acid  be  taken  it  will  be  found  tliui  methyl  orange  ia  red  in  it.  Alkali  is  now  add«d 
until  the  colour  changes  to  orange,  that  ia,  the  solution  is  alkaline  to  this  indicator.  If  another 
sample  of  the  acid  be  taken,  it  will  be  found  to  produce  no  colour  with  phenolphtbolein,  and 
mort  aJkaii  must  bo  added  to  change  the  colour  of  tbi^  indicator  to  tlw  red  one  of  its  salt* 
than  was  n-quired  to  change  the  colour  of  methyl  oranije 

In  the  use  of  in.lirators  there  are  iseverai  precautions  to  he  oljwierved. 

In  the  tirst  place,  the  hydrogen  ion  concentration  at  which  certain  of  them 
change  colour  is  not  the  same  in  pure  acids  or  bases  as  in  the  presence  of  foreign 
substances,  especially  salts  and  proteins.  For  a  description  of  these  eases,  the 
reader  is  referred  to  the  investigations  of  Sorensen  (1909),  which  are  concerned 
witii  the  various  methods  of  practical  use  for  the  estimation  of  livdro^en  ion 
ooacentrations.  The  use  of  indicators  for  physiological  purposes  will  be  found 
fully  treated.  In  the  second  pkce,  it  will  be  obvious  that  the  total  amount  of  the 
indicator  present  must  not  be  so  great  as  to  neutralise,  or  react  with,  any 
perceptible  portion  of  the  ions  to  be  estimated. 

Thia  will  be  made  clear  if  we  take  a  dilute  solution  of  Congo-red,  the  sodium  salt  of  an  scid 
whose  coloured  ion  is  red  and  whose  undissociated  free  acid  ia  blue.  Add  a  drop  of  this  sota- 
tion  to  a  very  dilute  solution  of  hydrochloric  acid,  a  Une  colour  is  given.  Take  again  a 
concentrated  solution  of  the  indicator  and  add  it  in  rather  large  amount  to  a  small  cjuantity  of 
the  very  dilate  acid.  The  colour  will  remaia  red,  because  the  whole  of  the  free  hydrochloric 
add  present  haa  been  used  up  to  combine  with  a  portion  only  of  the  dye,  and  the  colour  of  dw 
Halt  still  left  in  excess  masks  the  bluish  colour  oT  the  very  small  amount  of  the  free  dye-acid. 
Thia  fact  ia  especially  liable  to  mislead  when  test  papers  are  used,  and  a  drop  of  very  dilute 
adotlon,  or  one  containing  onlv  a  very  amall  amount  of  hydrogen  ions,  ia  applied  to  the  paper, 
as  has  been  pointed  out  oy  VValpole  (1013,  1).  In  such  casen  the  reaction  will  ri]i}jt»ar  t» 
be  different  when  a  drop  ia  pUoed  on  the  paper  and  wbea  the  paper  hi  imoiersed  ia  a 
lat^  volume  of  the  aolntion. 

N^'ulp<jle  (1910)  has  also  described  an  ingenious  artifice  hv  which  it  is  possible  to  use 
an  indicator  with  solutions  coutaiuuig  coloured  substances.  Ibis  method  ooiksists  essentially 
in  comparing  the  colour  of  the  solution  to  which  an  indicator  has  been  added  with  that  of  the 
Ugkt  which  hsa  first  psised  tbrougb  an  equal  depth  of  the  coloared  eolntion  aktne,  and 
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Alter«ftnlii  Lhroagh  water  conUiniag  the  indicator  alone.  When  used  for  titntioa,  for 
vhiA  porpoM  the  Arrangement  iu  particularly  adapted,  the  acid  or  alkali      added  to 

the  cell  v'T^fftining  tke  inilicati  r  x'.one  until  the  change  in  culuur  forT-''«pnnrHnf^  to  the 
required  cuucent ration  in  11'  ion  is  obtained.    This  cell  is  then  observtxl  by  light  whieh 


pasfied  thmu^h  a  dtpth  of  the  coloured  (ujlution  equal  to  tliiit  to  which  the  indicator  has 
been  ad«l«J.  Acid  or  alkali  is  then  added  to  the  latter  until  its  colour  it  the  Mine  as  (hat  of 
tfcc 'v^.Tnbination  of  the  coloured  solution  with  the  indicator  solut if  in  pcparate  vwaeta,  Th# 
•bsijqitiun  flue  t<>  the  coloured  eubstance  is  obvioutily  identical  in  the  two  cast-s. 


The  table  given  in  Fig.  56,  which  is  extracte<l  from  the  results  of  Salra  (1906) 
•nd  of  Sorenaen  (1909),  may  be  uaefuU    With  the  exception  of  those  indicators 
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in  brackets,  it  contains  only  those  found  l)v  x\\(^  In  tter  investigator  to  be  unaffected 
by  the  pru-sence  of  moderate  amounts  of  such  substances,  proteins  or  neutral  salta, 
as  are  likely  to  be  present  in  physiological  solutions.  I  have  omitted  two  of 
those  recommended  by  Sdrenaen  on  acoou&t  of  the  difficulty  of  obtaming  them, 
and  have  inserted  in  place  of  them,  where  the  series  would  otherwise  be  incomplete 
other  indicators  in  common  use,  but  nv>rp  '^ensitivpf  to  the  .dietlirbing  preeeuoe  of 
nidutral  salts  and  proteins.    These  are  marke(i  by  brackets. 

Neutral  red  is  an  extremely  valuable  indicator  for  many  pliy.siuIo|^ical  purpoeea.  It 
ehuises  ooloar  at  the  neutrality  of  water,  awl  has  obvioua  ohang^ti  at  points  joat  abova  and 
just  ftelow  thin  concentration  in  hydrogen  ions.  It  is  praiitioally  UDaflnctad  by  tha  proeenoe 
of  protein  and  is  innooaous  to  living  protoplasm. 

The  cavlwM  to  be  exeroised  when  neutral  salts  or  proteins  are  present  in  any  considerable 
quantity  nia\'  ho  found  in  the  paper  by  Sorcnscn  (1900,  pp.  72-120).  Attention  may  be  called 
to  phenol-  and  thyniol  phthaieins  as'  being  least  affected  thereby,  and  espeoially  to  the 
new  indicator,  a  naphthul-phtlmlein,  whi«b  ohanges  colour  between  the  H*  ion  oonoentm> 
tions  of  10-7-^  and  IQ-***,  a  very  little  on  the  alkaline  aide  of  neutrality  (SSreosen  and 
Palitzsch,  1910). 

The  Hydrogen  Electrode. — This  method,  althoupfh  somf^wliat  elaborate  in  the 
apparatus  required,  and  demanding  careful  work  if  .small  (iill"eit'nee.«?  in  H*  ion 
concentration  are  to  be  measured,  is  the  most  direct  and  the  least  liable  to 
diflturbance  by  foreign  aubetances. 

In  order  to  understand  the  principle  of  it»  the  reader  may  be  glad  of  a  few 
words  on  the  theory  of  electrode  potential. 

When  >!  solid  is  placed  in  water,  it  has  a  certain  tendency  to  send  off  its 
molecules  into  the  water  so  as  to  form  a  solution.  The  intensity  of  ^is  varies 
greatly  in  different  cases,  and  is  known  as  the  solution  pressure  of  the  snbstauc^  in 
qneetion.  It  occurred  to  Keniat  (1689,  pp.  190'151)  that  the  electrical  phenomena 
shown  by  metals  immersed  in  solutions  of  their  own  salts  might  be  treated 
quantitatively  from  a  similar  point  of  view,  on  the  assumption  of  the  truth  of  the 
electrolytic  di.ssociation  theory.  .  "^^Hicn  a  metal,  say  yopper,  is  immei-sed  iu  a 
solution  of  one  of  its  own  salts,  say  the  sulphate,  the  copper  has  a  tendency  to 
give  off  Cu**  ions  into  the  solution.  There  are  already  iona  of  the  same  kind  in  the 
solution,  which,  by  their  osmotic  pressure,  oppose  the  passage  of  simUar  ions  from 
the  metol.  The  force  with  which  the  metal  tends  to  send  out  ions  into  the 
solution  ia  called  by  Nernst  its  "  electrolytic  solution  •pressure'''  and  may  be  greater 
or  less  than  the  osmotic  [tressure  of  the  metallic  ions  in  the  solution.  It  will  be 
plain  that,  in  the  former  cajse,  the  metal  will  become  negatively  charged,  owing 
to  its  giving  off  positive  charges  on  the  ions  which  leave  it.  Its  potential  will 
depend  on  the  difference  between  its  electrolytic  solution  pressure  and  the 
osmotic  pressure  of  the  ions  in  the  solution.  If  the  latter  is  the  greater,  the 
electrode  will  have  a  positive  charije,  owini;  to  the  receipt  of  positive  ions  from 
the  solution.  It  is  to  be  remembered  that  the  ions  given  oi  from  the  metal 
cannot  travel  beyond  an  infinitesimal  distance  from  the  oppositely  charged  mass 
of  metal,  owing  to  electrostatic  attraction,  as  has  been  pointed  out  above. 

It  is  obvious  that  we  cannot  make  use  of  any  one  of  these  electrodes  alone, 
since  we  must  have  metal  at  both  ends  of  our  cell  in  order  to  form  the  circuit 
for  the  purpose  of  measurement.  If  we  form  our  battery  by  joining  up  two 
electrodes  of  the  same  metal  in  solutions  of  the  same  concentration,  there  will 
be  no  electromotive  foroe  in  the  combination,  since  the  two  electrode  potentials 
are  equal  and  in  opposite  direction  to  one  another.  If,  however,  the  concentra- 
tions of  the  metallic  ion  in  the  two  solutions  are  unequal,  the  electromotive 
force  of  the  h-itt-Tv  \^  equal  to  the  difference  between  that  of  the  two  electrodes. 
This  arrangement  is  known  a**  a  conc^7itra(ioti  battery.'^  If  we  know  the 
concentration  uf  one  of  the  solution.s,  and  can  measure  the  electromotive  force 
of  the  combination,  we  can  obtain  the  concentration  of  the  othw  solution  by 
difference,  supposing  that  we  know  the  law  which  governs  the  relation  between 
the  potential  and  the  concentration  of  the  solution.  Now  it  has  been  shown  by 
Nernst  (1889),  originally  from  thermodynamic  considerations,  althoufrh  the 
assimilation  by  van't  Hoff  of  solutions  to  the  gas  laws  would  load  to  the  same 
result,  that  this  relation  is  given  by  a  similar  expression  to  that  for  the  work 
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doue  iu  comprestiiug  a  gas  isothermally  from  a  pressure  p  to  P.  This  is,  as  we 
have  seen  (page  35  above), 

RT  log.|. 

We  may,  in  fact,  regard  the  two  pressures  of  the  formula  as  being  the  osmotic 

pressure  of  the  metallic  ions  of  the  solution  {p)  an<l  the  electrolytic  solution 
pressure  of  the  metallic  electn>l<^  fP).  We  have,  then,  merely  to  express  the 
terms  uf  lids  formula  in  the  appropriate  electrical  units  in  order  to  ol>tain  the 
relation  between  potential  and  concentration  of  ions  in  the  solation.  This  is 
done  by  dividing  by  the  charge  in  conlomhs  on  one  gram  ion,  the  Faraday  constant ; 
hy  doing  this,  we  convert  pressure  in  mechanical  units  into  electrical  force.  If 
the  i  'li  in  <iue<itii)n  is  multivalent,  the  Faraday  constant  (F)  must  natuially  be 
multipUed  by  the  number  of  charges  carrietl,  that  is  by  the  valency  (n).  li,  the 
gas  constant)  must  also  be  expressed  in  electrical  units.    We  have,  then  : — 

RT  ,  P 

H,  in  electrical  units,  is  8*3,  and  F,  in  coulombs,  is  96,540,  so  that,  at  the 

RT 

temperature  of  18*  (*«273+18  abeulute),  the  value  of  when  multipUed  by 
2*S  to  allow  the  use  of  ordinary  logarithms,  becomes — 

8-3  X  291x2-3 

—Mm — 

Aaother  method  of  calculating  this  number  will  be  found  in  the  book  by  Nernst 
(1911,  p.  753). 

We  need,  then,  only  to  know  P,  the  electrolytic  solution  pressure  of  the  metal 

used,  in  order  to  be  able  to  determine  the  osmotic  pressure  of  the  ions  in  the 
w^l'Jtion  and,  therefore,  their  concentration.  P  has  been  determined  for  a  number 
of  metals.    In  the"  case  of  a  concentration  battery,  it  is  eliminated  thus : — 

The  total  electromotive  force  of  the  comhination  is 

RT,     P     RT  ,     P    RT,     /P^P\    RT,  RT ,  », 

« here    and     are  the  respective  concentrations  ol  the  two  solutions. . 

We  mny  note  that  tho  electrolj'tic  solution  pressure  ma}'  \>e  looked  upon  as  that  osmutio 
pressure  ol  tha  ions  in  the  solution  which  just  balances  the  tendenoy  oL  the  iona  uf  the 
el«ctrod«  to  pass  out ;  so  that  the  electrode  would  have  zero  potential  if  it  were  possible  to 
obtain  a  solution  f)f  the  corr'-rt  f-onccntration. 

Certain  metals,  «uch  as  ^ilaitnutu  and  copper,  have  a  very  low  electrolytic  solution  pressure, 
•0  that  they  are  always  positive  in  aohltioiu  of  their  salts,  and  it  will  be  clear  that  the  hPgher 
th«  c^ocentration  nf  the  salt  is,  the  greater  will  ho  its  tendency  to  send  positive  ions  into  the 
metal,  or,  m  other  words,  the  greater  will  Ih.-  ita  potential.  Zinc,  on  the  other  hand,  is  an 
cnmpleof  a  metal  with  a  very  high  electrtilytic  solution  pressure,  to  that  the  oemotio  pressure 
of  the  ions  in  solutions  of  its  salts  will  always  be  lower  limn  its  own  ;  in  this  caBe  the  potential 
be  higher,  the  lower  the  concentration  of  the  solution,  since  it  is  due  to  the  aeudiug  out  of 
nw  by  the  electrode. 

We  may  now  proceed  to  the  description  of  the  hydrogen  deetrode.  It  will 
bave  been  sufficiently  obvious  from  the  preceding  pages  that,  if  we  could  make  an 

electrode  of  this  gas  and  immerse  it  in  a  solution  containing  hydrogen  ions,  that 
is,  an  acid  solution,  we  should  have  the  means  of  measuring  the  concentration  of 
the  hydrogen  ions  by  the  potential  the  elect  rode.  It  will  probably  oeeiir  to  tlie 
Wider  that,  if  we  saturate  palladium  witli  hydrogen,  we  have  what  is  required  so 
loog  as  our  solution  does  not  attack  the  metal  chemically.  It  will,  of  course,  be 
i^roemhered  that  the  potential  is  determined  only  by  ions  common  to  both 
fJectnxle  and  solution.  Pnlladiuni,  however,  is  attacked  by  some  acids  which  we 
require  to  take  account  — hvdroclihuic'  acid,  for  example.  We  must  therefore 
Qse  pUtinum,  which  ai.'io  takes  up  hydrogen,  although  in  less  amount  than 
PtUadium  does»  so  that  it  needs  more  care  to  saturate  it  and  keep  it  saturated, 
u  pnctiee,  the  electrode  is  sometimes  made  of  gold,  merely  plated  with  platinum 
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bkck,  in  onier  that  it  may  be  rapidly  sfttiirated  with  hydrogen.  The  gold,  of 
course^  meraly  nrm  m  a  oonducting  gupport  ior  tiie  platinum. 

It  U  unnecessary  for  both  cleetradM  to  be  lijdrogen  electrodes,  or  to  have  a  oonoentration 

battery  in  hydmgen,  although  in  donue  cases  it  may  be  desirable.  So  long  as  the  opposing 
electrode  is  ul  a  known  electromotive  force,  it  may  be  of  any  forra.  In  practice,  the  Ostwala 
calomel  eleotfode,  described  r»n  p.  2(»-2  of  Findlay's  book  (1906),  is  generally  used.  Tte  tahlec 
givcb  in  the  papor  bj  Sohmidt  (1909)  will  be  found  to  save  much  time  in  calculation. 

There  is  one  circumstance  to  be  taken  into  considoration  M'hich  has  so  far 
been  omitted,  for  siniplicity,  in  our  account.  We  saw  above  (page  178)  that 
when  the  iwo  ions  of  an  electrolyte  have  diti'erent  velocities,  there  is  a  difference 
'Of  potential  at  the  contact  surface  of  such  a  flolntkm  with  water,  and  ako  when 
two  solutions  of  diiBforent  conoentrations  are  in  fxmtact  This  electromotive  force 
is  allowed  lor  in  the  complete  Nemst  formula  for  a  concentration  hattery  hy 
the  factor — 

where  u  and  v  are  the  mobilities  of  the  two  ions  in  question,  and  Cj  and  c. 
the  concentrations  of  the  two  solutions  in  contact;  R  and  T  have  their  usual 
meaning  (Nernst,  1911,  p.  752). 

In  the  ease  of  the  complex  physiologieal  lolutioiw  with  which  we  often  have  to  desl, 

ciilculiitions  oil  thf  ha«i8  of  this  expression  are  practically  imposaihle,  since  we  are  unoertain 
as  to  the  actual  ions  oonoeroed.  The  contact  difference  is  therefore  rendered  as  small  aa 
possible  bv  the  interpocition  of  a  ntunted  solutioo  of  potaattttm  chloride  in  the  manner 
described  by  Bierrum  (1905),  between  the  8oluti<ni5  of  the  two  elei  trodes.  It  appears  that  the 
great  excess  of  ions,  having  very  nearly  the  same  rate  of  migration,  makes  the  two  contact 
potential  diffisrenoes  between  this  tolntion  and  ^e  tolntiona  in  the  eleetrode  vewels  pnMtiedlj 
ecjual  and  opposite  to  one  another,  while  the  dissociation  of  the  electrode  solutions  is  greatly 
dimmished  at  the  contact.  When  great  accuracy  i»  rtjquired,  deteruyinaUons  are  made  of  the 
total  dcctromotWe  force  of  the  oombination  when  potasainm  chloride  Mlatioaa  of  diSarait 
concentrations  are  interposed.  From  the  data  obtained  the  trne  value  can  be  dr«trrrmn«d  by 
extrapolation.    Other  very  soluble  i«alt8,  such  as  ammonium  nitrate,  are  sometimes  u»ed< 

The  measurement  is  made  In-  a  compensation,  or  potentiometer,  !netho<l,  A 
wire,  Ix^st  made  of  platinum-indiuin,  is  stretched  alon'_'  a  scale,  and  through  it 
a  curi*ent  is  passed  from  a  constant  battery,  such  as  a  partially  discharged  storage 
cell.  By  means  of  a  sliding  contact,  any  fraction  of  the  electromotive  force 
between  the  two  ends  of  this  wire  can  be  tapped  o£f  and  opposed  to  that  of 
the  electrodes  until  the  whole  is  brought  to  zero.  Some  means  of  detecting 
thi«5  point  of  balance  is  necessary,  and,  owing  to  the  hi-j^]]  rf^istanee  u<?tirdly 
present  in  the  circuit,  the  capillary  electrometer,  to  l>e  iiescnl>ed  m  Chapter  XX., 
is  generally  used.  The  value  of  the  reading  on  the  scale  of  the  slide  wire  is 
obtained  by  determining  at  what  reading  the  electromotive  force  of  a  staodsrd 
ceif  is  balanced.   The  value  of  each  scale  division  is  then  known. 

For  further  practical  details  the  reader  is  referred  to  Findlay's  book  (1906),  for  the  general 
method,  and  to  the  p&per  by  S^rensen  (1909)  for  the  physiologiMi  applications.   A  disgrun  of 

the  circuit  is  given  in  Fig.  204  (Chapter  XXII.). 

The  most  important  of  these  applications  may  now  be  referred  U»,  that  of 
estimating  the  true  hydrogen  ton  concentration  of  the  blood,  which  it  is  impossible 
io  determine  in  anv  other  way.  The  difficulty  here  is  that  a  part  of  the  hydrogen 
ions  arise  from  caroon  dioxide  dissolved  in  the  liquid,  so  that,  if  the  usual  method 
of  passing  hydrogen  gas  through  the  solution  in  wliicli  tlie  platinutn  electrode  h 
immersed  for  a  part  of  its  area  be  used,  carUon  dioxide  gas  is  driven  off  and  the 
acidity  decreased.  In  the  earlier  determinations  uf  the  reaction  of  the  blood  this 
circumstance  was  not  duly  taken  into  account.  The  difficulty  is  obviated  by  taking 
a  closed  volume  of  hydrogen  in  contact  with  the  electrode,  which  has  been 
previously  saturated  with  it,  shaking  this  limited  volume  of  gas  with  a  portion  of 
blood,  m  that  the  carbon  dioxide  tension  of  the  :ra«  phase  becomes  equal  to  that  of 
the  liquid.  This  blood,  which  hai»  lost  a  part  c»t  its  carbon  dioxide,  is  replaoe<i  by 
a  fi-esh  portion,  which  will  need  to  part  with  only  a  minute  fraction  of  its  carbon 
dioxide  to  the  hydrogen.  This  was  first  done  by  Michadis,  and  an  improved 
method  has  been  described  by  Hasselbalch  (1910).    Moro  recently,  Walpc^ 
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(1913,  2)  lias  inTented  a  simple  form  of  hydrogen  deotrode,  which  can  be  used  for 
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various  {lui  po^ic^^ ;  witli  .  an',  it  <  an  1)f<  iiiiuJe  to  sorve  the  purpofle  of  the  Hawielbalch 
form.    Kig*  ^7  shows  the  Walpole  electrode 
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III  a  later  paper  Walfjol©  (1914,  I)  deycrihos  imp; v-veniwiits  iti  this  fl*  ctrrxlc.     iVicrs  (1914) 
luwtt  auotbor  oxoellcnt  form.   But  the  best  i«  that  ol  M'Cteudoa  and  Magoou  (1916),  or 
ofW.  M.  Clftrk(191S). 

In  tin*  rase  of  hlinxl,  or  oilier  su)lufjon  containing  haemoglobin,  there  is  another  diffiriilty. 
Platinum  tukuti  ui>  oxygen  as  well  as  hydrotf«n,  and,  in  inire  oxygen,  it  Bcrves  as  a  hydroxyl 
iOR  eleotrode,  alinougli  not  m  awmmteify  dc«ncd  as  the  hydn>gen  one,  owing  to  its  seniitbility 
to  various  disturbing  c-cmdif  ions.  When  in  tise  a.**  a  hyflrogni  elect  nnle,  it  is  ohvions  that  the 
potential  which  it  ihuiumes  in  a  tiulutiou  of  given  hydrogen  ion  concentration  will  nut  be  tlie 
•tame  if  the  gaa  in  contact  with  it  oootains  oxygen,  aa  must  be  the  oai«e  if  shaken  witli  ft 
solution  of  owh.'i  tntijrloVtiji.  At  present  it  »eem8  impOR^ihle  to  devise  a  (netho*!  of  n  riioving 
oxygen  without  pi-oducin;^  other  elianuef?  in  the  l>lood,    Ferliaps  carlxju  nionoxide  'would  serve. 

Tho  general  metJuxi  of  dctt'i iniiiiiii;  the  concentration  of  par  i  ,  ular  ions  in 
a  Holution  by  the  use  of  apprupriato  clcctrodeti  is  probably  capal)le  of  wider 
applicatkm  in  physiology  than  it  has  yet  received.  Thus  the  changes  in  the  oon* 
eentration  of  dilorine  ions  due  to  eeparatiou  and  dissociation  of  chlorides  and 
changes  in  the  tension  ui  oxyf^on  can  1x3  invest^U'il  oii  thi'.sc  linos.  These  are  pro- 
cesses wliieh  occur  in  physiological  activity,  and  Pionf  ( ]!U3)  has  alrejwiy  obtained 
valuable  information  with  regard  to  changes  in  contracting  muscle  by  these 
methods.    Reference        be  mado.  to  these  result-s  later. 

In  tho  description  of  the  Nernst  theory  of  the  nietallio  electrode,  it  nuist  not  be  forgotten 
that  the  proceHH  is  not  the  same  as  that  of  ordinary  solution.  Owing  to  the  forces  of 
electruetatiu  attraction,  tho  ions  given  off  from  the  metal  cannot  actually  pass  lK>\*und  the 
immediate  proximity  of  the  electrode  itself,  thus  giving  rise  to  a  Helmholtz  double  layer. 
The  caiie  of  a  solution  encloHud  by  a  membrane  pecmeable  only  to  one  of  the  ions  int<j  which 
the  solute  dissociate-s  is  a  completely  analogous  one.  The  surface  of  the  metal  iUelf 
in  the  Nemst  electrotle  may  be  recamed  as  i>ermeable  to  its  own  positively  elmrged  ions, 
but  not  to  the  oppositely  chargeti  mass  of  metal.  Tho  former  ions,  however,  are  heW 
fast  by  electrostatic  attraotioa  until  Uie  circuit  of  the  battery  is  oompleted,  when  the; 
are  ame  to  pass  out  from  the  one  electrode^  which  is  difwolved,  and  are  depMited  on  tM 
opposite  one,  losing  their  charges  and  increasing  the  mass  of  the  metal. 

There  is  one  point  in  connection  with  the  Nemst  formula  which  may  have  struck  the 
reader,  although  it  is  not  alluded  to  in  the  usual  dennptiona  of  the  theory.  It  had,  however, 
not  escaped  the  notice  of  the  original  author  (Nenist,  1911,  p^  139).   If  pi  in  the  ezpre■non^- 


booomos  zero,  t.e.,  if  the  liquid  in  one  electrode  is  in  infinite  dilution,  ur,  in  other  words, 
is  water,  the  value  of  the  potential  diflerenoe  becomes  infinite.  Nemst  punts  out  that-, 
theoretieally,  the  difTusicm  «if  aiiv'  Hulwtance  into  a  s)>ai  e  which  is.  fr>r  it,  ft  vai  uiim.  should  take 
place  with  inlinile  velocity.  In  the  eane  of  a  ga:^  this  condition  woiUd  last  only  for^  an 
mfioitesimally  short  time.  Water  is  practically  never  a  vacuum  for  electrolytic  diflurioo, 
since  there  are  always  ii)nH  in  it.  There  are,  niorrovcr,  ntlier  ^^^ason8  connected  with  the 
conditions  at  the  surface,  which  make  uieaiiuremontH  with  solutions  of  leiM  than  OIK)!  muUr 
strength  unreliable  its  indicating  the  state  of  the  solution  aa  a  whole  (see  the  reuuurks  by 
Kemst  referred  to  above). 

Certain  olher  methodn  of  esUmating  the  hydrogen  hn,  cnneefUrtUum  of  a  solution 
n'tpiire  a  brief  account.  'J'liese  are  of  a  more  clieniic^il  nature,  and  are  occasionally 
useful.  As  a  rule  they  Tireessitate  a  previous  knowledge  of  the  GOUposition  of 
the  solution  apart  from  its  concentration  in  hyilnjgen  ions. 

Hydrolyna  of  SiO&n. — ^The  rate  at  which  methyl  or  ethyl  aoetic  esters  are 
hydrolysed  in  water  is  found  to  be  proportional  to  the  hydrogen  i<»i  oonoentratiun 
jtresent.  It  may  l^e  usi'd  as  a  convenient  method  for  the  comparison  of  fairly 
hiu'li  L'lnoentrations  of  th>so  ions,  but  with  weak  acids  the  rato  is  tfK> 
to  \ni  of  much  practical  \Hiue.  The  j)rusence  of  neutral  salts  att'ect^s  the  rale 
of  the  reaction  in  an  anomalous  way.  If  we  return  for  a  moment  to  the  equation 
for  the  dissociation  of  a  weak  acid  in  equilibrium  with  its  ions,  vis. : — 

X  (^)o'  or  K  =  . 

it  will  be  seen  that  any  increase  in  the  concentration  of  the  acette  ion  leads  to 

diminutk>n  in  that  of  the  hydrogen  ion,  in*  order  that  K  may  remain  con.stant. 
This  increase  may  be  prothieed  by  the  ai^ldition  of  a  salt  of  the  weak  acid,  in 
our  case  say  s*Kliuni  ficctatc,  win'cli  dissociates  int'>  fioetic  and  sodium  ions. 
Kxperinientally  this  is  found  to  l>e  the  ease.  It  is,  indeed,  a  defhiction  from 
the  law  of  mass  action.  lUit  it  does  not  apply  to  strong  acids  ami  their  saJt^. 
In  fsct.  the  addition  of  sodium  chloride  to  a  solution  of  hydrodil<»io  add  tnereossa^ 
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instead  of  decreasing,  the  hy<lrolysis  of  ;iri  <'^tor  l)y  the  .solution.  This  flifficulty 
iu  tiie  electrolytic  disNOciution  theory  was  noticed  by  Arrheniua  himself  2, 
aod  1899),  aud  called  neutral  salt  action"  It  shows  that  iieutml  salts  of  a 
«tnmg  aekl  incraMe  the  effect  of  the  acid  itself  in  some  way  not  yet  clear. 
Attention  has  already  been  called  to  the  anoinalous  behaviour  of  salta,  strong 
m  ids,  and  strong  bases,  and  the  views  of  Noyes,  etc.,  on  the  question  (see  page  182 
alxne).  Some  suggestions  made  by  Sonter  (1910),  at  the  conclusion  of  u  paper 
*hicl»  bears  on  the  subject,  may  Ihj  of  interest.  The  influence  of  neutral  salts 
may  be  supposed  to  be  exerted  on  the  water  or  on  the  substance  being  hydroiysod, 
sqgir  or  ester.  In  the  former  case  the  dissociation  may  be  increased,  or  the 
aotion  may  bo  of  some  unknown  kind  on  the  non-dissociated  molecules.  In  the 
lattf!  t!ic  pfTect  niiy  1>p  <1uc  indirectly  to  an  effect  on  the  tlissociative  force 
of  the  njfiiiiiiii  Sontor  himself  favours  the  latter  view,  hut  regards  it  as  probable 
timi  there  may  be  several  causes  acting  together.  Possibly  hydration  of  the  ions 
of  aodinm  chloride  may  increase  the  effective  concentration  of  both  add  and 
sngsr,  but  it  is  donbtf ul  whetiier  the  effect  would  be  large  raougfa. 

Of  the  varioui)  Iivpothist  s  matle  iu  explanation  of  this  effect,  thost>  of  Ciildwi  II  (1906), 
SnethUgt-  (11)13),  ana  Taylor  (M>14)  may  Kc  r^ferrtnl  to.  Acf-onlinir  to  Cidilwcll.  the  oc-tion  of 
ulU  in  increasing  the  rate  uf  hydruly^iti  by  acids  its  tu  be  aocuuntt-d  for  by  a  real  inurcatMJ  in 
eOQontmaon  of  .the  acid.  This  takes  place  in  two  ways.  If  volutno  nonnal  aolutkma  WC9 
taken,  a  part  of  the  water  t>  rltnplaced  Viv  the  niglecules  of  the  smiU,  in  the  sense  of  van  der 
Waals'  constant,  h.  These  salts  also  actually  take  up  water  in  some  way,  so  that  it  is  rewlered 
nnatratlahlc  for  dilution  of  tlie  acid  ;  so  that,  a^in,  the  amuunt  of  wat«r  really  free  is  lf»s  tlian 
it  appears  to  be.  Determinations  of  the  increased  fjuantity  <»f  water  required  to  bring  the  rate 
of  nydrolysis  to  the  same  value  as  that  in  the  absence  of  salt  leads  to  values  of  the  anunint 
ui«ed  in  *'  hydration  "  of  the  salt  very  cUise  to  those  found  in  other  waj's,  as  will  lie  described  in 
the  next  chapter.  Snethlage's  wurk,  in  Bre<Jig's  laboratory,  suggests  that  the  luidissociated 
part  of  the  acid  has  also  a  catalytic  action  in  the  hydrolysis  of  esters  and  cane-sugar.  As  the 
affinity  constant  of  the  acid  rises,  so  does  the  catalytic  power  of  the  undiss^xjiate*!  part.  In 
tiie  weakest  acids,  that  of  the  ondiaeociated  molecules  is  less  than  that  of  the  hydmgen  ions, 
bat  in  the  strong  acids  it  may  aotuaUy  be  gnsiter.  The  action  of  chlorides  in  increasing  the 
rate  of  hydrolysis  of  cane-sugar  by  hydrochloric  acid  i.-^  thus  explained  by  the  decrease  of 
diaMioiatioa  of  the  aoid»  aa  demand^  by  niass  aotion  gu  tltu  Arrheniua  theory.  Taylor  (1914) 
ooiiM  to  oooetuaons  stmilar  to  the  last,  in  more  detaiL  He  also  finds  tnat  the  catalytic 
arfioii  of  the  undissociated  acid  increa.--(  s  with  the  atlinity  constant  of  the  acid.  If  Cj  is  the 
nmo-iitnttion  of  the  hyHrogen  ion,  C^^  that  of  the  undissociated  add,  the  cata^tio  aotioo 
of  the  lurmer,       that  ot  the  latter,  then 

It  will  be  noted  that  it  is  not  definitely  known  whether  th«  H*  ion  concentration  is  actually 

raisefi  by  neutral  salts. 

As  regards  the  part  playc^l  by  this  neutral  Bi^lt  action  "  in  physiolpgiGal  pbenomena,  see 
the  paper  by  Hober  (1910,  3). 

For  verv  weak  acids  a  sensitive  method  has  been  de.'icribed  by  Fraenkel  (1907). 
Diazo-acetiC'Cvttr  is  decomposed,  with  evolution  of  nitrogen  gas,  by  very  low 
oaaoentnitions  of  hydrogen  tons,  and  is  of  use  even  in  the  case  of  the  very  wmk 

SOUno^acids. 

A  method  similar  to  that  of  hydrolysis  of  ordinary  esters,  and,  like  it,  specially 
useful  for  the  stronger  acids,  but  nubject  to  "neutra!  s;ilt  actitm,"  is  tli(^  utrersioii 
^  cane-nt^ar.  This  consists  iu  the  hyrlroly.ii.s  of  the  disaccharide,  with  the 
formation  of  glucose  and  fructose  and,  being  associated  with  a  considerable  fall  in 
tbe  power  of  rotating  polarised  lights  can  ba  followed  with  the  polarimeter  in  a 
oonvsnient  maimer. 

PRESERVATION  OP  NEUTRALITY  IN  THE  OH<^ANISM. 

We  have  seen  how  very  sensitive  tlie  variou.s  processes,  both  clieniical  and 
pkyriosl,  taking  place  in  the  organism  are  to  changes  in  concentration  of  hydro^t^n 
ions.  Now  a  large  number  of  the  reactions  going  on  result  in  the  production  of 
?y«:Ii  changes,  and  it  is  not  to  be  supposed  that  it  would  Ix^  tlesirable  that  these 
tliuni:ra  should  be  entirely  neutralised,  c\  <  u  if  it  were  po.ssible.  For  exaniplf*,  the 
"■^tiveoess  of  the  respiratory  centre  to  slight  increase  of  hydrogen  ion  con> 
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centratiou  serves  to  get  rid  of  the  two  pruduct»  of  fiiu^tcular  activity— carbon 
dioxide  by  the  increiue  of  respiiHtory  ventilation,  and  kctic  ackl  by  increaaed 
supply  of  oxygen.  At  the  same  time,  unless  there  wore  an  efficient  mochantflBi 
for  iiuKlerating  the  c-haii^'es  in  hydrogen  ion  concoiitration,  there  Would  be  aeriona 
disturbance  of  the  delicate  action  of  protoplasmic  prooeHSca. 

This  mechanism  does  in  fact  exist,  and  iias  been  elucidated  chietly  by  the  wurk. 
of  Lawrenoe  J.  Henderson,  whose  article  on  the  subject  (1909)  should  be  consulted 
for  a  more  detailed  aooount  than  can  be  given  here. 

The  possibilities  of  a  means  of  soaking  up,  as  it  were,  excess  of  hydrogen 
or  hydroxyl  ions  would  naturally  be  looked  for  in  the  more  complex  ftrrns  of 
electrolytic  dissociation  of  the  salts  of  the  bi-  or  tri-valuut  acids,  in  combmation 
with  the  hydrolytic  dissociation  of  salts  of  weak  acids  with  strong  bases.  This 
latter  prooess  has  not  been  as  yet  discussed  in  these  pages,  and  will  require  aooie 
consideration  presently. 

Thorc  arc  two  <;ystems  of  tliis  kind  to  wliioh  c^lH^■  irt ve.sti^at^)r.s  forried  tlieir 
attention.  They  art^  l>)lh  found  wifjely  spread  throughout  tlie  animal  urgaui^ui. 
The  first  is  that  of  the  bicarbonaics  and  carbon  dioxide,  which  is  to  be  met  with 
chietly  in  the  blood,  but  also  in  the  cells  of  the  tissues  generally.  The  aeoond 
is  tlutt  of  the  acid  and  alkaline  phosphates,  of  greater  importance  in  the  cella. 
There  are  also,  of  course,  interactions  between  the  two  systems,  thasr:— 

so  that  there  is  always  present  a  complex  state  of  equilibrium  between  the  two 
phosphates  in  a<I(]it!oT>  to  that  between  tli**  bicarbonates  and  carbon  dioxide. 
The  prot<»inisi,  as  aniphoterie  electrolytes,  and  therefore  capable  of  combination 
with  botli  aciils  and  Uwes,  although,  in  all  probability,  only  with  strong  a«ids 
and  strong  bases,  except  in  rare  instances,  must  also  be  taken  into  aooottntw 
As  we  shall  see,  however,  the  part  played  by  proteins  appears  to  be  oc»npax»- 
tively  unimportant.    Adsorption,  pos.sil)ly,  may  also  play  a  sulwirdinate  part. 

Tn  the  further  treatment  of  the  question,  I  follow  closely  Uiat  of  Lawrence  J. 
lleudcTsoii. 

We  roust  romeiubor  that,  contrary  to  wliat  happens  id  simpio  homogeoooua  systems,  such 
as  tme  aolntions  in  water,  we  have  to  deiil  in  the  blood  sod  tiMoes  with  l^e  eonplieatjon  due 

to^aseHJUirl  the  phenomena,  such  a-^  v!  l  yitiuTt,  \\  lif'  li  takr  jilurt- nt  tlieir  contact  surfacoe. 
It  M  well,  however,  to  uuderstand  the  Itxis  cuniplux  ease  to  begin  with.  The  result*  can 
afterwards  b«  modifiod,  if  tieoe«nry,  by  the  inirodnotioti  of  farther  factor*. 

It  ha6  long  been  known  that  the  bluod  is  able  to  withstand  the  addition  of 
considerable  amounts  of  free  acid  or  alkali  without  much  change  in  its  reactton. 
This  has  been  corr^tly  described  as  being  chiefly  due  to  the  carbonates  and 
phoBphat<?s  present,  although  the  mechanism  could  not  receive  a  satirfactoty 
explanation  until  the  electrolytic  dissociation  theory  was  propounded. 

Liet  us  consider  first  the  phoaphtUs  sy*lem.  The  mono  sodium  phosphate 
(NaH.^PO^)  behaves  as  a  veiy  weidc  ackl  owing  to  the  way  in  which  it  dissociates, 
while  'Uie  di-sodium  pho^hate  (Na^PO^)  is  a  very  weak  base.  The  dissociatiofi 
.  of  these  salts  may  be  represented  as  taking  place  in  stages,  thus  (marking  the 
equations  for  convenience  of  future  reference) : — 

(1)  NajHPO^^Na'  +  NaHPO;. 

(2)  NaH,PO,:>Na*  +  H,PO/. 

(3)  NaHPO/:|:Na-  +  HP(Y. 

(4)  h„po;:|:h-  +  hpo/. 

(5)  h.,o:|:h-  +  oh'. 

(6)  HP0/  +  H,0:;^HjP04  +0H'. 

HydnAytic  Dissociation. — With  respect  to  the  two  last  equations,  wo  noto  that 
the  source  of  tlie  OH'  ions  giving  alkalinity  to  s.ilutions  «.t"  NuoHlM)^  in  the 
reaction  in  which  tlie  ion  IlPO/  combines  with  the  II  inn  ot  water,  leaving  OH' 
in  excess.    The  electrolytic  dissociation  of  water  itselt  has  not  yet  been  discussed, 
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but  tho  oviflpiire  that  sucJi  is  the  case  is  sufticiently  stronp;  to  warrant  us  in  makini; 
use  of  the  pherioriienon  in  the  explanation  of  many  facts,  an  explanation  which  it 
givea  in  a  aiiDple  and  reasonable  way.  The  aetual  evidence  itaetf  will  be  given  in 
the  following  cbapter  of  this  book. 

A  salt  of  a  weak  acid  with  a  strong  or  weak  baae,  or  of  a  weak  haBe  with  a  strong  or  weak 
aokl,  that  is,  any  salt  of  which  one  or  both  oonponeiitB  i«  a  weak  ooe,  it  hydroljftioaUy 
dimociatetl  to  a  certain  extent  in  water.    There  are  present  in  the  eolation  free  acid  and  free 

base.  In  tliis  connection  tlio  designation  "  stroji^  "  and  "  wt,>ak  "  hIkiuUI  b«  utidersUjod 
in  a  soniewliat  relative  sense.  Jfor  example,  animoniam  hydroxide  behavee  £u<  a  weak  boae 
towwrda  the  strong  acid,  hydraohloric,  bat  aa  a  fairly  strong  haae  towards  the  verv  w^k  acid, 
kiu-in**.  I  refer  t<»  t}iis  point  here  on  acc'tmnt  of  tlio  fact  that  fialtii  of  weak  aciil.s  with  weak 
bases  are  not  au  highly  dissociated  hydnUytically  as  might  have  been  expected.  The  question 
will  he  diaoQsaed  mIow. 

In  order  to  understand  the  process  a  little  more  detail  is  desirable.  Remember- 
tng  that  the  dtmociation  oonstant  of  an  electrolyte  expresses  the  proportion  in 

which  the  non-dissociated  part  is  capable  of  existing  in  tlu^  pri  sfmet^  of  it8  ions, 
let  ijM  sf»#^  in  th(^  first  placo  what  happens  when  a  strong  arid,  such  as  hydi\K  lilorio, 
is  adfit^i  t«(  a  sohition  of  a  Kult  of  a  weak  acid,  i«iy  to  sodium  acetate.  ]kitli  (tf 
Uie.se  are  highly  dis.Hociated  electrolytically,  iiut  when  mixed,  opportunity  is  given 
lor  the  formation  of  two  other  electrolytcH,  sodinm  chloride  vm  acetic  acid,  the 
former  of  which  is  highly  di.ssociated,  but  the  latter  very  feebly  so.  The  low 
fliss^>ciation  constant  of  acetic  acid  means  that  acetic  ions  and  liydrogen  ions 
can  exist  U><:(cther  cmly  to  a  very  small  extent.  Hence,  in  our  mixture,  they 
unite  aJmoRt  completoly  to  form  acetic  acid,  the  result  Ijeing  that  the  hyrlrogen 
ions  of  the  hydrochlm}  add  very  nearly  disappear.  For  practical  purposes 
the  reaction  may  be  expreflsed  thii8:~ 

*    H-  +  Cr  4  Na  +  CH3COO' «  CHjCOOH  +  CI' + Na-. 

Further,  owing  to  tho  great  atlinity  of  H*  for  OH'  ions,  the  minutest  quantity 
only  of  either  can  exist  in  the  presence  of  tiie  other.  Hence,  the  neutralisation 
of  a  strong  acid  by  a  strong  base  may  be  represented  by  an  equation  similar  to 
that  above: — 

H-  +  CI'  +  Na-  +  OH'  =  H.,0  +  CI'  +  Na-. 

Now  wat^'r  eontains  the  small  concentration  of  l>oth  H*  and  OH'  ioim  which 
can  exist  toL^ethf^r.  Applying  the  law  of  mass  action  to  this  equilibrium, 
H,0:^H-  +  OH'.  we  liave:— 

where  Cb.,  Cho^,  and  are  the  concentrations  of  the  H*  ions,  the  OH'  ions 
and  the  water  respectively.  Since  the  latter  is  always  very  large  in  relation  to 
the  othe^^  it  may  be  taken  as  invariable,  so  that  the  pnxhtet  Or.  x  Ooh/  m  conttant 

in  any  aqueous  solution.    It  is  numerically  equal  to  1*2  x  10 

Water,  then,  is  both  a  very  weak  acid  and  a  very  weak  base ;  that  is,  it  is 
N^hat  we  shall  learn  later  tx^  call  an  "amphoteric  electrolyte."  When  a  neutral 
salt  AB  (using  A'  for  the  anion  and  B*  for  the  cation)  is  dissolved  in  water,  there 
is  the  possibility  of  the  formation  ci  two  new  compounds  with  the  ions  of  water, 
VLL,  HA  and  BOH.  How  far  this  will  m-cur  depends  on  tlie  stren^^th  of  the  acid 
and  the  basa  8upfM»Rp  we  take  NaCl,  the  quantities  of  HCl  and  of  NaOH  will  be 
very  small,  because  of  their  ^ncat  dissociation,  and  approximately  equal  quantities 
of  H*  and  OH'  will  be  removed  from  the  water  for  the  purpose,  being  replaced 
by  a  slight  further  dissociation  to  keep  C„.  xC^h'  equal  to  1*3  x  10' K  Again, 
suppose  that  we  take  borax  instead  of  sodium  chloride.  Here  HA  is  a  very 
weak  acid,  while  BOH  is  a  Htroncf  base.  We  huvo  now  in  solution  A',  B',  H*, 
and  OH'  ions,  and  HA  and  BOH  will  be  formed  as  iMjfore.  But,  since  HA 
is  very  slightly  dissociated,  while  BOH  is  hu;hly  diawwiated,  there  will  be  excess 
of  Oa  iona.  As  heftMre,  a  little  water  wOi  dnsodate,  but  only  to  preserve  the 
equilibrium  0^.  x  equal  to  1*2  x  10'^^  and  this  cannot  get  rid  of  the  OH^  ionp, 
so  that  the  solution  will  have  an  alkaline  reaction.  Tho  case  where  the  acid  is 
stieng  and  the  base  weak  may  be  treated  in  a  similar  way,  and  the  result  will  be 
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found  to  be  that  the  aolution  has  an  add  reaction.   Such  a  case  ia  that  of  aniHiie 

hydrochloride.   The  degree  <tf  hydrolytic  dissociatioa  may  be  detenmned  bgr 

methods  involving  the  estimation  of  the  concentration  of  hydrogen  or  hjrdfozjl 
ions,  such  as  thf^  hydrosi^on  electrode,  rate  of  hydrolysis  of  esters,  etc. 

The  treatment  uf  the  subject  given  above  is  that  of  Philip  (1910,  p.  2GU).  The  book  ol 
Nernat  (191 1 ,  pp.  530-533)  may  also  be  consulted  with  advantage.  It  will  be  notioed  that  tlie 
procej«<  ewtentially  dejwnd.s  on  the  slight  electrolytic  disstx-iation  of  weak  acids  an<l  weak  . 

From  tbe  equation  for  the  reaction  constant  of  bydrolyaia  given  by  Menwtt  (1911,  p.  531), 
whieh  i« — 

K  k: 

where  K4  ia  the  dissociation  constant  of  water,  that  of  the  acid,  and  K*  that  of  tlie  base, 
we  (tee  that  the  decree  of  hydrol  vflis  can  be  oaloulated  when  the  strengths  of  the  aeid  and  base 

are  known,  anil  lliaf.  11.  ha\<'  tlio  same  value  with  v«  ty  various  ifLitivc  valii«-s  uf  ICj  aiid 
Ks,  being  gt-eate»t  when  ixjth  are  low.  Moreover,  if  the  one  or  the  other  of  the  nun-dissooiated 
oomponents  is  insolnble,  it  may  happen  that  nearly  the  whole  of  the  solute  is  hydrolyaed.  An 

instnu  tive  r^ise,  where  the  priKos  of  liy'1r<>ly1i«'  ili8.S4iciation  ia  visible,  is  tliat  <)f  itjeiTTirw: 
acetate ;  a  fresh  solution  is  clear,  but  gradually  iKKxiqiea  more  and  wore  turbid  and  nnl  oxide 
is  deposited. 

The  fact  is  sometimes  overlooked  that  this  process  of  hydrolysis  in  water  rarely 
amounts  to  more  than  3  to  5  percent,  of  the  total  content  of  solute.  When  both  acid 

and  l)aso  aro  weak,  as  in  aniline  acetate,  the  hydrolysis  ma\' amount  to  28  per  cent. 
(P.avli>>.s,  11)01),  1],  |).  3r)lt).    P.nt,  as  a  rule,  it  is  a  miKill  compared  with 

electnjlytic  diKHociation,  aiui  imlml  is  not  always  to  b<^  found  when  it  might  be 
expected.  For  example,  it  appears  that  sodium  stearate  is  considerably  hydrolyaeci, 
sodium  palmitate  is  not.  Congo-red  is  not  so  to  any  appreciable  degree,  neither  is 
the  sodium  salt  of  caseinogen.  The  acids  in  these  ca.Hes  are  insoluble  in  water, 
that  it  is  a  matter  of  much  difficulty  to  know  ^ priori  what  are  to  be  reckoned  as 
strong  acids. 

AV("  may  now  return  to  the  <'oiisid('ration  of  tlie  jJiosphcUe  system. 

la  «  solution  of  NaH.,PU^,  whicli  lui-s  an  acid  rcviction,  the  only  source  of  \\- 
ions  is  the  hlagc  of  dissociation  numltered  (1)  in  the  list  above.  (2)  mu.st  precede* 
thiS)  so  that»  combining  the  two^  we  have : — 

NaHjPO^  «  Ka*  +  H'  +  HPO/. 

In  a  solution  cl  Na^HPO,  we  have  also  Hl*()^"  ions  from  (l)and  (3) 

Na,,]  I  PO,  -  Na*  +  Na'  -f  ]  1  P( )/'. 

If  wo  add  Na^IJPO.  to  a  solution  of  iSali^PO^,  we  add  an  excr^ss  of  HFO^* 
ions.  Therefor^  since  these  solutions,  as  weak  acids  and  bases,  obey  the  law  of 
mass  action,  we  reverse  tbe  dissociation  of  equation  (4) — 

H2PO;:jH-  +  HP<  ),  , 

and  the  H'  ion  concentration  of  the  acid  phosphate  is  reduced. 

Similarly,  the  alkalinity  of  a  solution  of  Na^HPO^  is  due  to  the  OH'  ions 
derived  from  hydrolysis  of  HPO/'  ionSi  according  t^>  equation  (6).    Perhaps  At 

would  be  more  correctly  expressed  by  sayin;:^  tliat  the  HPO^"  ion  combines  with 
H*  ions  of  water  to  form  HoPO,'  ioTiv.  in  a  way  analogous  to  that  in  whicli  aiietic 
iinionH  combine  with  hydrogen  ions  to  form  non-dissociated  acetic  acid.  In  any 
case  the  result  is  an  excess  of  OH'  ions.  If,  then,  NaH„PO^  is  added  to  Na^HPO^ 
the  exL>ess  of  H^PO^'  ions  throira  back  equation  (6),  and  the  alkalinitv  is  reduced. 

The  niono-.sodium  phosphate,  as  a  weak  acid,  gives  off  very  few  H'  and  HPO^' 
ions  by  (2)  anrl  (4),  so  that  a  very  small  am(mnt  of  the  di-aodniTn  snlt,  which, 
an  a  sotiiuni  salt,  gives  many  llPO^"  ions  by  (1)  and  (3),  has  coiisKjerable  jwwer 
of  diminishing  tlie  acidity  of  the  former.  Again,  the  di-sodium  salt  as  a  weidc 
base  gives  rise  to  very  few  OH'  ions  by  (1 ),  (3),  and  (6).  Hence  a  veiy  small 
amount  of  KaH^PO^t  which,  in  its  character  as  a  sodium  salt,  dissociates  w  ith 
the  pnxhiction  of  many  II, .PO^'  ion*^,  dimintj^lms  considerably  the  hydroxyl  ion 
concentration  «tf  the  di-sodium  salt  by  throw  ing  Iwuik  equation  (6). 

These  considerations  show  that  nhosphate  mixtures  vary  comparatively  litUe 
from  neutrality,  even  with  considerable  excess  of  the  acid  or  alkaline  oonstitaent 
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Far  this  reason  ibey  make  tiaefnl  standard  mixture  for  hydrogeo  ion  oon* 
oentration^  not  fir  removod  from  neutrality,  as  wc  sluill  see  lator. 

Thj-  liifftrhniiat''  Syaleni. — Similar  considerations  may  1k)  applied  to  tli« 
bicarboua.te  aud  carbon  dioxide  s^rstem.  In  actual  disHociation  the  conditiona 
are  not  so  complex,  since  we  have  to  deal  with  a  dibasic  acid  instead  of  * 
tribaaic  one.  On  the  otber  hand,  there  is  a  new  oompUeation  added  in  the 
escmpe  of  CO^  as  a  gas. 

The  equations  of  dissociAtioji  may  be  written  thus,  to  correspond  with  those 
of  the  phosphatea: — 

(3)  NalIC().,:;^Na-  +  HCO,'. 

(4)  H.^CO,JH -  +  11003'. 

(5)  H,0:>H-  +  OH'. 

(6)  HCO,'  +  HjO^lHjjCOg  +  OH'. 

Since  carbonic  acid,  n.^COg,  is  a  very  weak  acid,  few  hydrogen  ions  are  formed 

by  equation  (t).  S(M{inin  l)ic;if^)<>nato,  as  a  weak  base,  produces  few  liydroxyl 
ions,  but,  as  a  .s(Mlitim  salt,  produces  a  couHiderable  numlxT  of  HCOy'  ions. 
Suppose  that  CO^  \A  added  to  a  mixture  of  bicarbonate  and  C02.I1.>C0.  is 
formed,  and  this  increases  the  concentration  of  HCGL'  by  dissoeiatioir.  The 
resalt  of  this  will  be  increase  of  non-dissociated  NaMCO|  by  throwing  back 
equation 

Tlio  wa\  in  which  those  facts  work  in  the  maint^^nance  of  moderate?  I'hanges 
only  in  U'  ion  ooncentratioa  will  l^b  bo  seen  by  taking  a  numerical  example. 
We  must  first,  however,  refer  to  the  principle  of  iaohtfdrio  tduiwna.  This 
states  that,  if  two  solutions  have  an  ion  in  common  and  in  tlie  same  concentratimi 
in  both,  no  change  in  the  concentration  of  this  ion  will  take  place  when  the 
aolutionn  are  mixed. 

The  diiisociatiou  constant  of  H^COg  is  3  x  10"',  lience — 

(3  X  10  •)  (H.CO3)  =  (H-)  (HCO;), 

and  \hr\t  of  HgPO^'  is  2x10'^,  according  to  Lawrence  J.  Henderson  (1909, 
p.  209),  lu  nco— 

(3  X 10-T)  (HgPO/)    (H  )  (HPO/). 

Suppose  that  H^CO^  and  NaHCOg  are  present  together  in  a  solution.  From 
the  tow  value  of  the  dissociation  oonstent  <rf  the  former  we  may  assume  that  the 

conoentration  of  the  non-dissociated  IT^COj,  is  almost  exactly  the  same  as  that  of 
the  diasolvtHl  C0>, ;  practically  all  the  HCO.,'  ions,  therefore,  come  from  the 
stroni^ly  dl«M<M  i;iU'(l  NnHCO,,  and  their  concentration  is  proportional  tn  it  —  tluit 
v\  in  decimoiar  concentration,  about  0  8  of  it,  since  this  is  the  proportion 
dissociated.  The  dissociation  of  KaH^PO^  is  also  0*8,  and  that  of  Na,HFO^ 
as  regards  H*  ion,  is  0*64. 

We  may  write  the  above  eqvations  thus : — 

and,  if  the  salts  are  in  decimoiar  concentration : — 

.H.)=_iM£^^  X  (3  X  10  X     X  10-T) 

^">=0-8(NaHOO5)''^*^''*"  >-0-64(NaaHPO^)   ^- ^* 

Hence,  to  obtain  a  hydrogen  ion  concentration  of  1  x  10'^  neutrality  at 
24")— 

JH.,CO,)_      1        (NaH.,PO,)  1 
(NaHc63)"3-75      (Na^UPO^)  ^ 

sn  ox|»rpssl<>ii  whif-li   ^dves   the  proportion  of  the  constituents  necessary  for 
neutrality  la  a  solution  containing  all  four,  or  either  pair,  since  they  are  isohydric. 
The  abflolate  concoitratioBB  may  vary  so  long  as  the  ratios  are  kept  constant, 
'    and  the  latter  can  only  change  if  dissociation  constants  change. 

For  the  sake  of  simplicity,  we  will  take  for  further  consideration  the  first 
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(^C'(  >.,)  Kysteiii,  imviiig  a  total  coiicentiation  in  COg  of  (i(*ciuiolar  strcngt  li,  which 
corresponds  very  clof»cly  to  that  of  blood.  Let  us  see  what  change  is  ncce^aarj 
to  raifle  the  H*  iofa  ooocentration  from  0*5  x  10-^  to  l-Ox  Kh",  keeping,  for  eue 
of  calculation,  the  total  CO,  constant  by  dilution.  In  the  manner  deflcribed 
above  we  have — 

0-5X  ,«^'-(3x  .0-:)  .  -^^^O^^o.^-^^^-„-L, 

ic,  (H..CO3)  =  0  012  molar  and  (NallCO^)  =  0-088  molar,  top.-tlirr  O  ]  molar. 
From  tlie  previous  calculation,  we  have,  for  1  x  10~',  a  value  for  the  ratio  of 

.3^^,  SO  that  the  concentration  of  NaHCX),  in  this  case  roost  be  0-046  molar. 

The  differanco  between  this  and  the  value  for  0*5  xlO'*  is  0-086  -  0-046  «  0*042  grun- 
molecules  of  NalICi),  or  CX>^  This  shows  that  nearly  half  as  nuich  CO^  as  the 
hic^irbonate  proM'nt  is  rtHjuiretl  in  order  Ut  pn>duce  a  clmnge  of  hydrogen  ion  so 
small  as  that  frf>»n  0-5  x  lO  ''  to  1  v  10  which  i^  ?il>ont  wlirit  wonl*!  Im-  prfwhiceil 
by  the  addition  of  U-OOl  j^rain-nioleculc  of  hydr«K  iiionc  acid  to  1U,<M-HJ  litres  of 
water. 

A  similar  calculation  can  be  made  of  tlie  amount  of  bicarbonate  required  to 
reduce  the  hydrogen  ion  concentration  from  0*5  x  10~^  to  0*2  x  10'^.   Tlius :~ 

Tliat  is,  0-228  molar  in  hiearlxmate ;  and  0  228  -  0-088  « 0-1 40  molar,  or  neat  ly 
twice  as  much,  alkaline  salt  must  be  added  as  that  originally  presentb 

The  )>liosphate  equilibrium  can  bo  treated  in  the  same  way,  so  that  we  can 
undrrsfnixl  the  great  G^NMnty  of  blood  and. cells  to  preser^-e  an  almost  complete 

noutr;ilit  y. 

The  results  of  the  preceding  calculations  may  Ijc  further  i-ealised  in  tJie 
following  way.  In  a  bicarbonate  system  witii  a  constant  pressure  of  00^  in  order 
.to  change  an  acidity  of  0*0000002  molM*  into  an  alkalinity  of  the  same  value,  an 
extremely  small  cminge,  it  is  necessary  to  add  a  volume  of  decinormal  sodium 

liV'lrnxifff  in'nHy  ef]ual  in  voluim^  to  tin-  solution  itnelf.  <>ii  fwcmint  of  the 
importance  of  the  (juestion,  juiotlier  i  xauiple  may  lie  i(iven  (see  1j.  J.  Hernierson, 
1913,  pp.  147-152).  Consider  1  kg.  of  CO.^  dissolved  in  100  litres  of  water  and  tliat 
sodium  hydroxide  is  added  in  quantities  of  50  "s^.  at  a  time.  Before  any  addition, 
the  hydrogen  ion  concentration  is  about  H>  or  about  1,000  tinu^s  that  at 
neutrality.  The  addition  of  50  g.  of  NaOH  reduces  this  tx>  50  times  that 
at  neutrality.  Aft^'r  the  juldition  of  -Jon  more,  the  H*  ion  concent mt ion  is 
only  10  merely  10  times  that  at  nctii  rality,  althou<{h  there  are  still  pivscnt 
682  1^.  of  free  CU.^.  An  acidity  of  this  oi-der  is  pnxluced  by  Uie  addition  of 
only  0*004  g.  of  hydrochloric  acid  to  100  litres  of  pure  water.  We  can  oontinne  to 
add  NaOH  without  causinjEC  any  change,  more  than  just  perceptible,  until  450  g. 
more  have  been  added,  ^^'llcn  7f>()  i^'.  iri  all  have  lieen  added,  tlie  re.ictioii  is 
practically  that  of  pure  water,  and  a  t'ui  tlier  50  g.  may  lie  addtxl  without  any 
greater  change  in  the  Jl-  ion  concentration  than  from  0-9  x  10  •  to  0-6  x  10  "  and 
in  the  OH'  ion  concentration  from  1*1  x  10"^  to  1*7  x  10-'^,  altliough  in  pure  water 
one  ten-thousandth  part  of  tlie  amount  would  reduce  the  H*  ion  concentration  from 
1-1  X  10-7  to  01  X  10  "  and  raise  that  of  thet)H'  ions  from  M  x  10"",  to  12  x  10-'. 
Th(>  snine  mnoiHit  (50  g.)  added  to  pure  water  would  raise  the  OH'  ion  concentra- 
tion to  120,000  X  H)  ". 

Suppose  now  that  we  Uike  a  case  which  is  analogous  to  that  of  the  blood 
of  air-breathing  animals.  The  state  of  afiairs  will  be  found  to  be  still  more 
striking.  In  tlie  experiment  descrilx'd  by  K  J.  Hendei-son  (1913,  pp.  149>I5l) 
we  take  a  solution  of  1  kg,  of  s(Mlium  bicarbonate  in  100  litres  of  water  and 
allow  it  to  attain  etpnlibrium  with  an  nnliniitofl  atniosphei'e  containing  1  g. 
of  CO.,  pi^r  litre.  I^et  hydrochloric  acid  l»c  addtnl  in  small  jMutions  at  a 
time,  constantly  shaking  the  .solution  so  that  there  shall  always  be  equilibrium 
with  the  Co..  in  the  gas  phase.    Further,  let  the  temperature  be  such  that 
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the  absorption  ooelBcieat  o(  CO^  is  unity,  that  is^  about  17'.  Then  the  stages 
will  be  about  aa  given  in  the  following  table : — 
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Until  nearly  250  g.  of  hydnjclilorio  acid  have  been  added,  neither  the  aciditj 
nor  tho  alkjilinity  is  f^ro.itcr  than  twice  that  of  a  perfcrtly  noiitrtil  solution. 
The  cause  of  this  conhUuicy  w  simple  enough.  At  the  bc'^imiiiig  the  free  CO., 
of  tlie  solution  in  in  equilibrium  with  that  of  the  gas  phase.  Accordingly  wlien 
hydrochloric  acid  is  added  and  reaota  to  form  flodium  chloride  and  more  CO^,  the 
whole  of  the  latter  escapes  to  the  gas  phase  and  the  total  amount  of  acid  is 
wlmt  it  was  Ix-fore,  viz,  saturation  with  CO,  at  a  partial  pressure  of  1  per 
litre  of  air,  Minrf>  all  the  hydrochloric  acid  Ins  enmbined  with  the  hicarl Minute. 
Thus  tlie  cuuc^utration  of  the  alkaline  tvalt  (bicarbonate^  is  diminished,  but 
there  la  no  increase  of  free  acid.  Not  until  all  the  biearoonate  is  deoompoaed 
does  the  hydrochloric  acid  begin  to  show  its  oflect,  and  then  the  addition  of 
2  f».  causes  nearly  as  much  rise  in  acidity  as  the  previous  318  g.  had  done,  or 
about  JOO  times  the  rise  caused  by  100  times  tiM  amount  at  the  first  stage 
of  the  exp<'riment. 

A  rentarkaMu  (act  was  uuttixtl  Uy  Henderson  (HM)H,  p.  IT*'*)  in  oomparing  the  relative 
amonnta  of  alk:iii  ncoemary  to  produce  a  given  change  in  the  IT  ion  ciinceniration,  h»  Rhown  by 
imlirators,  in  tho  (-jk"*-^  if  vnrioiiB  weak  acids.  With  tin-  sinjj;lc  exct'ption  of  1iy<Irngeii 
sulphide,  it  Wiia  foumi  that  Xn//.J*Oi  and  JljfiO^  re.quirtti  the  laryeM  mtnntities.  Acids  both 
weaker  and  stronger  thaa  theee  required  very  mnoh  leas,  there  being  a  laigs  step  between  the 
thiee  mentiooed  mm!  Ibe  next  in  ttie  SMies. 

The  " Fitness'*  of  Carbon  Dioxide. — It  will  probably  not  have  escaped  the 
rea<ler  that,  as  is  inaist^vl  upon  by  L.  J.  Henderson  (IKl.'i),  it  is  a  remarkable  fact 
that  it  should  carlM>n  dioxide,  the  universal  product  of  oxidation  in  the  living 
organism,  that  is  the  most  eUicient  regulator  of  neutrality.  Of  course  it  is  clear 
that  organisma  would  not  have  been  able  to  develop  to  their  present  degree  of 
perfection  without  some  meebanism  of  this  kind,  and  that  it  is  in  adaptation  to  a 
system  in  which  carbon  compounds  play  the  chief  part  that  their  ineilianisnis  have 
been  evolved.  None  the  less  it  is  calenlatefl  to  excite  a  certain  amount  of  wonder 
that  the  element  carbon,  which  is,  as  pointc^i  out  above  (i>age  41),  m  peculiarly 
adapted  for  the  formation  of  a  great  variety  of  complex  compounda,  should  also 
include  amongst  these  an  acid  with  the  properties  which  carbon  dioxide  alone^ 
with  the  exception  of  hydrogen  sulphide,  possesses.  Especially  is  this  so  when  we 
renmrnber  that  there  is  no  renson  to  suppose  that  this  property  is  necessarily 
counectetl  with  the  other  properties  of  carbon.  In  tlie  next  chapter  w©  shall  see 
that  similar  remarks  apply  with  even  more  force  to  the  case  of  water. 

ill  this  ennnet^tion  wc  may  cull  to  mind  what  Parker  (1913,  1)  points  out,  namely,  thai 
many  appwenl  adaptationa  are  not  really  suoh.  That  a  person  who  faints  falls  with  nioeofoa 
li«ip  is  apjtropriate  for  reooverj',  and  it  is  also  the  safest  way  to  fall,  but  these  conditions  nrr 
the  direot  iHdi»e(iuence  of  the  faint,  and  that  they  are  advantageous  is  purely  incidental ;  tiiey 
miffbt,  in  fact,  have  been  the  opposite,  bat  tney  would  happen,  notwithstanding.  Parker 
hokls  that  th»«  majority  of  animal  r»»n  tjnns  are,  pmlmhly,  neither  of  advantage  nor  dis- 
advantage, in  any  iH)table  degree,  to  thu  life  of  the  individual,  but  dependent  on  the  ooa- 

7^ 
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Btraotion,  phyiioal  and  chemical,  of  the  given  organivin.  At  the  iftme  time,  he  points  oat  tlut 
t^ere  am  real  adaptation*.    The  caimrity  of  an  indtvidnal  to  react  appropriately  to  hii 

ciivirouiiieiit  has  Lccn  bniui/ht  alxMit  \)\  flu-  climiiiiit  ion  of  myriads  of  indiviauitLs  who  failed  to 
do  so.  Adaptation  lias  been  regarded  as  a  sort  of  tronsoendental  property  of  orgauisnw,  an 
enteleohy*  atUed  to  intelligenoe.  Bat,  as  Parker  remarks,  what  do  we  reiUly  mean  by  io- 
l!ip;i'ncc  other  than  *'  thiit  Uir^regate  of  nen-oua  states  aiul  lu  tions  which  is  our  chief  means  o( 
odaj^tation "  ?  so  that  the  proper  under8tanding  of  adaptive  reaotaooa  implies  that  of  in- 
telligenoe,  and  oonversely.  The  inirodnction  of  anch  notiona  as  enteleohies  ooosbts,  praetkaUy, 
jit  ir  '!!?n(  ut  in  ft  ein  h'  and  is  latln-r  calculated  to  rctanl  ji^  ii^rr^  -  hy  apparent  explanation, 
M  iien  wiiai  is  if^illy  wiuiUtl  is  researuli  into  the  very  qufHtuuih  which  they  pretend  to  oxiswer. 
"The  details  of  animal  rt>aot4onB  are  then,  in  the  main,  free  from  adaptive  restraint  and  their 
diverHity  is  dependent  <  hicfly  nfion  the  fluctuating  momentary  condition  of  the  animal  bodv: 
further,  thf  main  outlines  ot  animal  reactions  arc  adapt  ive,  hut  are  not  to  be  explained  by  tW 
aaaumpf  ion  ot  Homethinglike  intdligenoe." 

An  interesting  ca^e  of  apparent  complex  adaptation  is  tliat  of  the  moilnao  Onehidium 
(Orozier  and  Arey,  191U),  tlie  mechanism  of  whose  behaviour  is  foand  to  depend  on  hetiotropic 
reaction,  together  with  inhibition  from  the  rack*  ovbr  whioh  it  ereepa. 

The  effect  of  Ri»e  of  Temperature  on  hydrogen  ion  concentration  is  of  some 

importance.  Tn  fi  prcivioiis  pau**  th»'  lar'jc  rfMnprrrjt un'  c<M't1ici(Mit  of  electrolytic 
disscHuation  of  watiM-  was  rpfci  rod  t<>  in  anotlier  connection,  as  Iwin^  of  the  order 
of  thosu  regarded  im  charucteriHtic  of  cheuucal  reactiou.s.  Tiiat  of  Hudiiim  naltis,  oo 
the  other  hand,  is  the  very  low  one  of  salts  in  general,  whieh  do  not  chey  the 
()sl  wait!  "dilutio)!  law."  On  mixtures  of  bicarlxtnate  and  Ci\  the  net  effect  of  a 
rise  of  t^^nipenitun^  will  be  to  increase  the  alkalinity,  since  tlie  disscM  iation  of 
water  will  bo  incrojised  more  ihan  that  of  the  bicarbonate.  Thus  water  at  18°  has 
a  disHOciatii>n  constant  of  0  G4  x  10  i.e.y 

(C%„x(C)„  =  0G4x  10-14. 

A  solution  of  sodium  bicarbonate  and  G<)._„  uincii  ha.<t,  at  18",  a  hydrogen  ion 
concentration  of  0*30  x  10-^  has  aooordangly  a  hydroxy  1  ion  concentration  off 

/.o^  ,A  T  ^21x10  7, 
0-30  X 10-T  • 

since  the  product  of  {C)^w  ^^^^  (^)h  »  constant  in  all  solutions  in  water  at  the 

same  t4'mperaturc. 

At  li  ,  (lie  liy<lrogen  ion  concentration  of  the  bicarbonate  mixture  has  n<:en 
only  to  ()-42  X  10  %  owing  t/»  its  low  temj»eratur«»  ctierticient^  whereas  the 
dis.stH.  iution  constant  of  water  lias  become  3-7G  x  10~**  (Kohlrausch  and 
Heydweiller,  1^94,  p.  209).    Uqnce  the  hydmxyl  ion  concentration  has  risen  to 

3-76  X  10-" 

or  4*3  tiroes  as  great  as  at  18*. 

/trotfin*  prenent  in  hhxNl  and  tMSues  play  litt1e«  If  any,  part  in  nentralioin);  acid  and 
alkali  within  the  limits  possihl*!  to  uoeur  in  the  living*  organism,  namely,  U)'*  and  10  '"  normal 
in  H*  ion.  This  appears  to  be  du»  to  the  existence  of  piuteinH  betwe«M)  these  limits  iu  the  fons 
of  internal  aromoniiun  aalta,  similar  to  the  Itetaines.    Thna : 

and  proteins  are  U<(  \   not  K<^  nor  R<f 

XJOb         XXX)H  NXK>H. 
The  rinir  is  hrok'  ii,  rn  onler  to  pro<lu<5«  the  last  form,  only  by  an  acid  reaction  above  10~*  N 
or  an  alkiilinu  one  of  lU     N  iu  H'  ion.    Uombinutiun  with  acid  or  base  can  then  take  pbw 
(Mse  ItayliKa,  1919,  2,  p,  173).    tlolutions  of  pure  proteins  poaoega  soaroely  any  eteotricftl 
oondnctivity.   Further  faeta  in  relation  to  amino-aoide  will  be  found  on  pego  23SK 

Tha  Retu-tion  of  r,h„,<l.  liy  the  most  sensitive  methods  availably  the  hydragen 
ion  concent  1  at  ion  of  1)Kmh1  at  38"  is  ftiund  Xa  Ik?  0  4  x  lO'^and  the  correspondin? 
OH'  ion  comrnf  ration,  7  *J  x  lO  "  molar.  So  that  it  is  just  on  the  alkaline  side 
of  neutrality.  At  r<M>ni  tem|»eiaturo,  the  alkalinity  woiihl  l>e  somewhat  le.Hs,  owing 
to  the  increase  of  OH'  ion  concentration  in  CO^— bicarbonate  systtuus  with  rise 
of  tcmperatuns  as  descrilxnl  above.  Direct  mmutur^mcnts  of  the  efl«ct  of 
tempeiatiire  on  such  systems,  in  nuMlerately  concent mterl  form,  have  shown 
al)out  four  times  as  great  an  alkalinity  at  38°  as  at  18%    This  is  dependent  co 


Oixlinary  betaiue  is  CUg<^  \        lUyeine  is 


Digitized  by  Google 


ELECTROLYTES  AND  THEIR  ACTION'  203 


the  fact  that  the  electrolytic  disiKx;iation  of  water  rises  more  quickly  with 
temperature  tbui  that  ol  aodiiim  bicftrbonato  does. 

The  reaction  d  blood  oan  be  determined  by  using  neutral  red  as  indicator 

(Baylisa,  1919,  %  p.  162). 

Protoplasm  p>os8esses,  in  the  phosph'ates  present  therein,  an  efficient  mechanism 
for  avoidini^  any  considorablo  change  in  reaction.    All  the  phosphate  nmit 
coD^erted  into  the  acid  salt  before  the  hydrogen  iun  concentration  can  rise 
beyond  that  due  to  this  aalt^  or  into  tbe  alkaline  salt  before  tbe  alkalinity 
can  become  great<  1  tlian  that  of  solutions  of  Na^HPO^. 

Buffers^' — The  effect  of  such  substances  as  bicarbonate  phosphates,  amino- 
acids,  etc.,  in  "soaking  up,"  as  it  were,  excess  of  hydrogen  <ir  hvihoxyl  ions 
was  compared  by  Fernbach  and  Huljert  (1900,  p,  295)  to  that  of  "tampons." 
Sorensen  (1909)  adopted  the  word  and,  in  the  translation  of  his  paper  into 
Gflrman,  it  was  rendered  "Puffer"  and  thence  into  English  as  **Bu&r."  This 
latter  word  does  not  seem  to  me  to  be  a  vet  s  <I(>8criptive  one  nor  to  convey 
correctly  the  meaning  of  the  original  "tampon."  A  railway  bu Iff  r  does  not  absorb 
the  engine  itself,  .as  iho  snbstanccH  r«'f<«rred  to  aV>sorb  ions.  A  word  more 
soggestive  of  a  sponge  would  prolmbly  bo  better,  but  is  not  easy  to  find. 

The  Practical  Um  <f  PhtrspfuUe  Mixtures. — ^In  certain  cases  it  is  of  much 
importance  to  be  able  to  obtain  a  solution  of  a  definite  but  very  small  con- 
centration in  hydrogen  ions,  as  also  to  possess  the  means  of  maintaining  constant 
t!ii"^  value  in  a  system  in  which  chemical  chants,  sensitive  to  chancre  of  reaction, 
are  *?oing  on.  Such  cases  are  the  action  of  enzyme.**,  or  tbe  solutions  use<l  for 
perfusion  of  living  organs.  The  bicarbonates  are  the  most  appropriate  for  the 
latter  purpr>se.  For  the  making  of  stamlard  solutions  as  well  as  for  use  with 
enzymes,  the  phosphate  systems  are  most  valuaUe. 

The.se  phosphate  mixtures  are  most  readily  prepared  by  the  addition  of  standard 
sodium  hydroxide  in  ditTrrent  proportions  to  standard  phosphoric  acid  solution. 
The  following  table,  from  the  paper  by  Prideaux  (1911)  with  additions,  will  be 
U'Uini  useful : — 


t\c.  NaOH  (Mi.Iar) 
to  10  c.c.  of  Molar 
H,PO,in  lODco. 
of  Water. 

H'  ion. 

Colour  to  Neutral 
Red. 

Colour  to  Other  lodicatora. 

10-0 

ti-s 

13-0 
15*5 
16D 

!«•/» 

17-2 
17  7 

u*-o 

19-2 

21-0 

22  •« 

1  28-5 

lit-* 
10~» 

MM-* 

io-«« 

\if-rv: 

ItH^* 
10-' 

io-» 

10-ic 

10-" 
lO-w 

CninHon 
Crimeoo 

Tract!  of  reii 

3  crimson,  i  rr^l 
^  crimson,  ^  re«l 
i  crim«oii,  ^  red 

Traoe  of  orange 

4  orange,  ^  red 
\  orange,  |  red 
J  orange,  |  red 

(Jrange 
Traoe  more  yellow 
f  orange,  J  y»'l!<>^v 
\  orange,  ^  yellr.w 
1  orange,  |  yellow 

Yellow 

Vellow 

Hed  to  iiiethyi-orange. 

Orange  to  methyl-orange,  red  to 

metliyl-re<l. 
Orange  to  methyl  red. 
\  t  llevv-orange  to  methyl-red. 
Yellow  to  methyl<red. 

Coloiirh*>is  to  phfiirilphtli.ilt^in. 
Kaiiil  rvil  to  phuuiilpUlltalein. 
Ked  to  phcnolphthalein,  0Olour> 

less  to  thymolphthalein. 
VAiw  to  thymolptithatein,  yellow 

to  trojKi'olin  0. 
Orange  to  tropcolin  0. 

Frf»m  Sfirensen's  work  it  would  appear  that  the  II"  ion  exponent  of  these 
solutions  may  ref|uire  increasing  by  0-2,  Thu.s,  a  mixture  of  10  parts  of  acid 
with  17  2  of  alkali  may  have  a  value  of  10  instead  of  10'^.  (See  Prideaux, 
IM.)  The  curve  would  thus  require  raising  by  two  divisions  of  the  scale. 

The  equation  by  which  any  other  required  hydrogen  ion  concentration  can  be 
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obtained  will  be  found 
in  the  paper  by  Pride- 
Mix  ou  p.  125.  The 
^'allies  may  also  bo 
n-ad  on  the  curves  of 
Fig.  58,  copied  from 
this  paper.  The  ab- 
scissae give  the  number 
of  c.c.  of  molar  sodium 
hydroxide  to  be  addetl 
to  10  C.C.  of  molar 
phosphoric  acid  to 
nuike  100  cc  of  solu- 
tion, in  order  that  we 
may  have  a  hydrogen 
ion  concentration  of 
the  onlinate  "selecte<L 
The  figure  on  page  205 
ia  the  steeper  parte 
of  the  complete  curve 
<lra  wn  on  a  larger  scale, 
80  that  greater  accur- 
acy may  be  attJiined 
by  preparing  a  larger 
volume  of  the  solution, 
say  a  litre. 

To  illastnite  the  use 
of  the  curve: — Suppoao 
that  a  aolulrion  of  tho 
uptimal  acidiiv  for  emul- 
sin  is  required.  Thin  i8, 
aooording  to  Vulquin 
imi),6xlO-^tDH-iO[)8. 
The  exponent  of  10  which 
we  require  ia  log.  5  minua 
6  timea  kw.  10  ~  -5 -3D. 
Obireapoiiding  to  this  or- 
dinate in  the  table  we  find 
10*8;  we  must,  theroforo, 
add  10-8  0.0.  of  n»ilar 
XaOH  to  10  CO.  of  molar 
pfaoaplmrioaotdand  dilute 
to  100  0.0.  For  the  use 
flf  otiMr  mtxtures,  aee 
PHdeanx  (1916). 

PHYSIOU)GICAL 
SALINE 
80LUTI0JSS 
In  the  case  of 
organisms  whose  cells 
•rs  unprotected  by  a 
resistant  envelope,  it 
has  been  already 
pointed  out  that  the 
aolations  which  bathe 
them  must  have  the 
sanae  osmotic  pressure 
as  the  cell  contents. 
Otherwise  tlie  cell  will 
contract  or  expand, 
by  the  loss  or  gain  of 
vater,  until  its  osmotic 


s 

3 


I 
g 

% 

I 
t 


i 

* 

o 


uoi)Cj;u93UOj  uoi  H 


206  PRINCIPLES  OF  GENERAL  PHYSIOLOGY 

prossui-e  is  ctiual  to  that  uf  the  surrouuding  sulution.  If  this  is  iinpossihle,  the  ceU 
will  be  destroyed.    In  any  cose,  the  couccntration  or  dilution  of  the  coutents  will 


Fio.  59.    Portrait  or  Sydney  Rinoer. 


(From  the  Oljitimry  Notice  in  Proc.  Jt.S.,  84b.) 

seriously  impair  their  functi»)nal  activity.  Tliese  remarks  apply  es|n*eia]|y  to  animal 
cells  and  it  is  in  the  investipition  of  the.se  that  the  nece^wity  for  solutions  of  ec]ual 
oeniotic  pressure  t<:»  thein.selves  is  met  with.  It  is  often  required  to  replace  tlie 
blood  or  other  solution  with  which  the  cells  are  normally  in  contact  by  some  artificial 
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aolittion,  whose  oompeeition  is  known  and  can  be  modified  at  will.  The  blood  plasma 

of  the  same  species  of  animal  has  been  suppoaed  iixItspoDHablc  for  the  growth  of 
excisc^j  tissueti  in  the  work  of  Ross  Ilarrison,  and  otlu  rs.  (T?iit  sro  Tliomsou,  1914.) 
But  if  HTi  ♦'ffi'  iont  substitute  ran  bo  found  for  otlicr  jmrposrs,  the  advantiiges  are 
obvioUvS,  and  indeed  Lewis  and  Lewis (lUll )  iiave  grown  ti^4.sueN  in  artificial  media. 

It  Dii^dii  be  BQppceed  that  »  solution  of  any  substance,  so  long  as  it  is  not 
actually  toitic,  would  suffice,  provided  that  the  cell  membrane  is  iinpernicabio  to 
tlie  aolute  and  it  is  prt'Hcnt  in  the  correct  coiicentnitioii.  Sodium  chloride,  h!»  one 
of  the  saltH  present  in  all  aniinul  II u ills,  wa«  seli'<  tcd  at  an  early  dat-c  iui<i  was 
fouud  to  serve  well  fur  the  iiiiitological  examination  of  fresli  tissues  or  for  the 
dilution  of  blood  without  causing  changes  in  volume  in  the  oorpuaclea.  Bat  when 
umxl  by  Ringer  (1880-82, 1882-83,  1  and  2)  for  continuous  perfusion  of  the  heart 
of  the  frog,  it  was  found  unable  to  maintain  the  normal  haaX.  The  work  of 
Rini^cr  on  this  question  is  fund;uiicTit;d  and  enaV)Ie«l  a  satisfactory  perfusion  fluid 
to  be  luade.  Althouj^h  this  Jiolutiun  is  usixi  everywliere  and  known  as  Kingor's 
Solutiun,"  its  origin  is  apt  to  be  forgotten,  so  that  it  is  necessary  to  give  a.  brief 
account  of  the  re* 
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soLifnoit 


rchea  which  led 

to  its  conijM>sitTon 
bcini^  csLablisJied. 
A  fMjrtrait  of  Sydney 
Ringer  himself*  will 
be  found  in  Fi;^'.  59. 

When  the  heart 
wa.'*  jHirfuseil  with  a 
solution  of  sodium 
chloride  in  distilled 
water,  isotonic  with 
the  blotxl,  that  is, 
0-75  per  cent.,  the 
beat«  gradually  dimi- 
nished in  extent  and  ultimately  ceased  n882-b3,  I,  p.  31),  as  sbown  in  Fig.  60. 
The  excitability  to  electrical  stimuli  also  disappeared. 

We  may  note  here  that  sutMeqnent  work  hiu  shown  that  this  aoiion  of  pnre  «odiain 

chlorivlo  IB  nc»t  only  due  U»  the  want  nf  wmio  ohseiitiat  salt,  hut  also  t«>  .1  toxic  art  ion  uf 
the  Na*  iuiut,  similar  to,  but  lc<w  iimrkod  than  that  of  (lotasBium  iuii^  to  bo  ttuscri^jcd 
presently.  Clark  (1913,  %  p.  77)  tindn  imleed  that  the  onlinary  Ringer  solution  in  impi-oved 
when  a  p.irt  of  flu-  >^<i*liMrM  tlilmidt-  is  ifpIiK  vil  hy  i.Hotoiijp  fane  siij::ir,  ami  Al»ol  (H^H). 
to  avoifi  axleiiia  111  hj6  "  vivi  ditiuaiou  oxperuuoate,  found  it  adviiuiblu  to  miuco  the 
■odium  chloride  to  0*6  per  oent. 


1,  n,  TtoKva^  obtained  ugbi  ndnaUs  attsr  MplMiiv  Uood  1^  pure 

chloride,  0  "5  jier  cent. 

1,  C,  Stv  minutes  lat«r. 

1,     Alter  Miolb«r  four  initiate*'  m^mo. 

(Ringur,  1882  83,  1,  p.  33.) 


flu.  61.  The  effect  of  adding  5  c.e.  i>f  O  J5  percent.  chIciuiii  'litrtride  solution  to  l(K»o.e.  of 
the  pure  Rodium  chloride  uohitiou.  The  hcjvrt-beuUi,  which  hiul  ceuHitd  under  tlie  pure 
sodium  chloride,  hocamo  Bpontancoaa  after  one  arlifioisl  stimuluH,  hut  tlx  (Iici8t«>le  wiui 
proloogwi  so  thai  the  beats  fused.  (Kioger,  1882-83»  1,  pw  33.) 

  » 

To  proceed  witii  the  experiments  of  Ringer,  it  was  found  that,  if  calcium 
chloride  were  added  to  the  pure  sodium  chloride  solution  when  the  heart  had 

cease<I  to  Ijeat,  the  excitability  to  Ktimuli  returned  and  was  soon  followetl  by 
spontaneous  lx»ats,  lint  that  the  rrlfix-if iim  wiw  imperfect  and  delayed|  80  that 

then"  wax  a  ti'iideiKy  to  a  tonic,  .systoiic  state  (Fiij.  fil). 

This  cunditioa  is  seen,  although  less  markedly,  in  the  figures  of  Plate  2  of  the  firat  paper 
(188D.82),  where  saline  solutioos  made  with  tap  water,  containing  oatciuin,  were  used. 

It  was  next  discovert  (1882-83,  I,  p.  35)  that  a  trace  of  a  potassium  salt  (1 
0.0.  of  1  per  cent.  KCl  to  100  c.c.  of  the  solution  of  sodium  chloride  in  tap  water) 
abolidied  this  tonic  action  of  calcium,  without  depriving  it  of  the  power  of  neutral- 
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i«in<»  the  injuiious  t  lRct  of  tho  pure  scKlium  chloride  (Fig.  62).  A  solution  capaMe 
of  miiint{iinin<,'  tlie  lienrt  beat  at  a  satisfactory  height  for  a  considerable  timo  was 
thus  obtainod,  but,  frurn  what  ha.s  been  said  in  tiie  previous  pages  of  the  pit-s«  nt 
chapter,  it  is  not  Burprising  to  find,  as  Ringer  himBeU  did,  that  the  addition  of  a 
small  amount  of  sodium  bicarbonate  was  beiMBfieiaL  VRub  investigator  hinwrif 
pointx^d  t)ut  tliat  tin's  addition  had  the  effect  of  prtMlucing  a  slight  alkaUnify 
similar  to  tliat  of  the  blood,  and  of  neutralising  acid  produced  in  the  contractions 
of  the  heart  muscle  (see  1882-83,  2,  p.  223).  The  amount  used  was  5  cc  of  a  1 
per  cent  sototton  U>  100  c.a  of  the  circulating  fluid. 

Although  the  electrolytic  dissociation  thwHry  was  unknown  at  tho  time  these 
experiments  were  made,  it  was  clearly  recognised  by  Ringer  tliat  the  nftects  of 
calcium  and  potassium  saltH  wrre  due  to  the  calcium  and  iM)tassium  comf>onents  of 
the  salts  added.  He  liimself  used  indiiierently  carbonate  sulphate,  phosphate  and 
chloride  of  calciunj. 


In  ▼WW  of  tlw  ftrwrt omental  importance  of  thuiie  htutti,  tiiu  bijuplcat  way  of  drminitit  rai^^ 


Firo.  02.  AMTAOomsM  or  galcidh  and  poTASSioit. 

tS,£,  VSLvtX  ol  HfidinK  calcium.   The  Rrst  Uirea  boiU  ikbow  th«  proloQgatiOD  of  Uie  mritole. 

Aft  the  MTow,  3  niiiiiiiM  of  1  per  enk  polMiliiB  flUorUk  wvra  addsd  lo  tlwaohitiao.  Iha  odeliim  cflM 

b  partiAlly  alKilia)ic<i. 

U.C»  Addition  of  A  further  2  uuninu  of  potaasium  obloride  nlayoa.  TIm  beaftboooaua  qidle  oomML 

•  (Riuger,  1882-83,  1.) 

theiif  may  Ik-  rlcscrilK-fl.  The  heart  of  Ww  froj^  or  (orfoiM-  is  tied  on  to  a  uinnula  intM.>rted 
into  the  vuiitriclu  through  the  auricle  by  thu  misthod  of  byiues  (1911).  The  way  in  which 
the  efleet  of  diflereot  eleetrolytM  o«  n  bo  fhown  wiU'hoflt  ho  tondoratood  from  tho  dosorrptloii 

of  an  actual  cxucriinciit.  A  tortoise  heart  wan  ubwI  and  a  ft  u  ii  t  ikon,  liy  a  K-vi-r  atta<  luxl 
to  the  apex  of  thv  ventriclo,  before  any  oerfusion  fluid  was  intrmluci-d  (Fig.  63).  The  beats  were 
mnalL  aa  frequently  happenflf  o.  PerntBion  wu  thon  comniencod  with  a  solution  oontaimnf 
O"?'*!  f>erc«  iif  -oi^iiirii  I  II >ri(le  aii«l  (101  jicr  cent,  sodium  bicarbonate,  6.  The  f>oits  ^^■^r^  ih>t 
iiiH»ruve*l,  and  would  urubably  havu  incased,  if  the  perfusion  with  this  solution  had  t>»x"n 
continued.  Portions  of  tbo  tracing  are  omitted  for  want  of  space.  At  c,  a  Bolution  oonsisting 
nf  UXIc.c.  of  the  ])revi(>ni'  one,  to  which  3  e.c.  of  docimolar  calciimi  rhloHde  ha'l  been  <n!  Ittl, 
Wii«>  ]>erfmto<l.  Thi.s  cuuUiutsd  u  slight  excels  of  calcium  above  the  nonnal  one.  An  imriuNiiHt« 
improvement  is  to  be  noticed,  but  relaxation  is  inenmpletc,  as  shown  by  tho  gradual  rise  in 
the  level  of  the  diastolic  position,  (i  e.c.  of  (bciiTinl  u-  jxitassium  chloride  were  then  jvkled 
to  the  solution  already  containing  sodium  and  eaicuuii.  Tho  tonic  action  of  the  caluiuiii  was 
removed,  and,  after  a  mintlte  or  two,  the  tracing  d  wa«  obtained,  showing  a  r^^olar,  powcrfid 
beat,  which  would  have  continued  for  a  long  time.  At  c,  the  solution  containing  sodium  ninne 
is  returned  to ;  the  small  irregular  beat  reappears.  At  /,  potassium  chloride,  in  the  mme 
proportion  as  Ix'forc,  is  added.  No  improvement  in  the  beat  results,  but  the  characteristie 
relaxing  eflfect  of  potassium  in  the  fall  of  the  diastolic  position  ia  observed.  At  calcium 
chloride  is  added  to  t>he  mixture  in  the  same  proportion  as  before,  and  wo  mo  the  powerful 
regular  bcjit  jiriKlueed  by  the  normal  Rinj^cr  holution,  eontainin^'  sodium,  jx^tAssium,  and 
caiciom.   In  order  to  obeerre  the  effect  of  calcium  in  a  more  marked  wigr,  at  A,  another 
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3  c.c.  of  the  calcium  chloride  solution  were  added,  and  a  further  3  c.c.  before  each  step  in  the 
tracing.  We  not«  tho  increMe  of  tonic  contraction  brought  about  by  each  addition.  At  ik, 
potAHsium  chloride  was  added,  but,  although  it  diminished  the  Bystolic  condition,  tho  size 
of  the  beat  was  rather  decreased ;  in  fact,  the  antagonism  is  not  complete  when  there  is 
cxcofis  of  cither  calcium  or  potassium  much  beyond  the  normal  proportion.  Finally,  at 
normal  Ringer  solution  waa  perfused. 

It  is  a  remarkable  fact  that  the  proportion  of  sodium,  potassium,  and  calcium 
ions  in  sen  wcUcr  is  almost  identical  with  that  found  by  Uinger  to  be  tho  best 
for  maintaining  the  beat  of  the  heart,  although  the  total  concentration  in  ' 
sea  water  is  higher.  Magnesium  salts,  however,  are  present  in  sea  water, 
in  addition  to  those  mentioned.  The  presence  of  magnesium  does  not  appear 
to  be  necessary  in  an  artificial  physiological  saline  solution,  although  Neukircb 


Fl'l.  63.     ACTIOM  or  ELKCrnOLTTIHJ  OK  THE  IIKAKT  Or  TUK  TUKTUI91. 
«,  Exclned  heart  before  perfusion. 

6.  Perfimion  with  Kxlinni  chloride,  076  per  cent.,  todium  bicarlwnate,  0*01  per  cent 
e,  A«ldition  of  3  cc  o(  01  molar  calcium  chloride  to  100  cc 

rf,  rotamium  chloride  adde<l,  6  ao.  of  O'l  moUr  to  100  ca  ol  Ui«  mixture  ooataioiog  aodiam  and  calolam  taita. 

t,  Pnre  sodium  chloride  ajfain. 

/,  PntAMsium  chloride,  6  c.a  to  100. 

g,  Cftlcium  chloride  added. 

A,  3  r.c  oalcitim  chloride  added  before  each  step  In  the  tracini;. 

k.  More  potitmlnm  chloride  wlded,  in  amount  correspond! np  to  the  calcium  chloride  present.   The  tonic  action  of 

the  calcium  is  partly  abolished,  but  the  beat  docs  not  return  to  iti  normal  height. 
I.  Normal  Ringer's  solution. 

»-«ang  «-/=Na  alone,  c-«l  =  Na+Ca,  d-e  and      A  =  Na+Ca+K./-7-Na+K. 

(1912)  found  that  the  contractions  of  the  excised  intestine  of  the  rabbit  were 
more  regular  when  magnesium  was  present. 

If  we  look  at  the  relative  proportions  of  thesQ  ions  in  blood  serum  and  io 
sea  water,  viz.  : — 


Blood  Serum. 

Sea  Water. 

N»  .... 

100 

100 

Ca  

2-58 

3-84 

K  

6-60 

3-66 

(Macallum,  1910,  pw  003) 


we  notice  that  the  proportion  of  calcium  to  sodium  ,  is  very  similar  and  that 
of  potassium  to  sodium  is  not  very  far  difierent  in  the  two  solutions,  but 
there  is  »  great  excess  of  magnesium  in  sea  water.  The  probable  reasons  for 
the  divergences  will  be  seen  presently.  Bunge  (1894,  p.  120)  made  the  suggestion 
that  the  high  content  in  sodium  chloride  of  the  blood  of  land  vertebrates  in 
comparison  with  that  of  their  surroundings  is  au  inheritance  from  marine 
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ancestors  who  lived  in  a  solution  fairly  rich  in  this  suit.    Mucallum  p.  234), 

struck  by  the  similarity  Ixitween  tho  prnp<»rti<»M  (»f  potassium  and  t  iilciuin  to 
soiliuiu  in  the  blood  phistna  of  vertebratosi  and  tliat  ill  sea  water,  waa  led, 
independently,  to  advocate  the  same  view. 

The  ocean,  ever  since  the  first  condensation  of  water  on  tiie  earth's  surface, 
has  been  continually  receiving  salts  by  dissolving  them  from  its  be«l  and  from 
tho  contents  (»f  the  rivers  flowing  into  it.  Since  the  sivlts  are  left  behind  on 
ovaporatif)!!,  while  water  vapour  is  continually  rising  to  form  new  rivei  s,  which 
wash  away  more  coustitueuti$  of  the  land,  it  is  easy  to  understand  wliy  the 
total  concentratioil  of  salts  in  sea  water  is,  at  the  present  time,  so  much  hi^lier 
than  that  whidi  it  was  at  the  time  when  the  ancestors  d  the  land  vertebrates 
left  it. 

It  is  ^'enrrally  Ix'Hevod  that  life  heq^ati  iti  IIh'  r^'oaii  and  c*ontinued  in  it 
alone  until  the  close  of  the  Cambrian  periixl.  \V  lien  vertebrates  w^ith  a  closwl 
circulatory  system  took  to  the  huid,  they  took  with  them  a  blood  of  the  same 
compositionf  as  regards  salt,  as  the  sea  water  which  they  left  liehind. 

The  Ounbriau  |)criod  vra»  an  extremely  long  one,  judging  l»y  the  thickness  of  the  (l(.*]x)f«its, 
iirtioiiMti!!*,'  t*»  40,(J<JO  feet  ill  Jii'itisli  G>Iunibia,  tuid  I2,(»(M1  feet  in  Wali  s,  allln.iigh  it  v»irio-s  in 
dirterent  places.  It  is  to  bo  exjiectotl,  therefore,  tluil  the  protoplasm  wcjuUI  have  Ixjoomo 
adjusted  to  the  Kalt^  ol'  tlio  sea  during  thin  long  peri<xl,  and  tliat  .ineohnnisniH  woold  have  lieeo 
|ir«>dum]  to  laaintain  the  conocnti  .it ion  in  t he  bkiod  at  the  same  value  Those  nechaaianM 
still  continue  to  act  since  life  o\i  land  begun. 

If  this  \i('\v  i«  correct,  tlic  salt  composition  of  tho  blood  represciitM  that  of 
the  ocean  in  the  early  Cambrian  period.  As  regards  the  proportion  of  calcium 
and  potassium  in  sea  water,  Macallum  points  out'  that,  at  the  present  tamo,  the 
concentrations  of  these  two  salts  is  scarcely  changing  at  all.  Calcium  is 
continually  removed  by  living  animals  for  the  formation  of  lx>nes,  coral,  shells, 
etc  .  as  fast  jis  it  is  supplietl  by  the  rivers,  Potiissium,  sin<"e  the  <j;r(\it  (lcv««h»p 
ment  on  land  of  plant  life,  with  itti  comparatively  large  content  in  this  element, 
is  supplied  by  the  rivers  in  much  less  quantity  than  it  was  in  early  geologic 
times.  The  chief  ditBculty  is  the  magnesium,  which  is  present  now  in  so  much 
gi*eater  ratio  to  sodium  in  sea  water  than  it  is  in  bloo<l  phtsraa.  Acoevding  t^> 
Mau;«illum,  the  reason  is  tliat  the  mjiijne^ium  content  of  «en  water  is  still 
slowly  increasing,  so  that  "in  the  preCambriaii  oceans  it  must  liavc  btxii  very 
small,  not  perha[)s  as  low  as  it  is  in  blood  plasma,  for  in  the  latter  tlie 
magnesium  would  only  represent  tho  pro{>ortion  of  an  earlier  period  than  that 
in  which  the  circulation  became  closed,  as  the  tissues  would  (mly  repruduce 
the  proportit>n  vvhich  hsul  by  long  accomnuMlatioii  become  fixe*!  in  them.  K\  t n 
tlie  ort^anisms  wliich  live*  in  the  se^l  today,  wliose  ancestral  forms  have  Hm^I 
in  the  sea  since  the  Camlirian,  do  not  Uike  up  the  nuigneskum  from  tho  stw 
water  in  the  full  projiortion  which  it  has  in  the  latter"  (1U04,  p.  8  of 
reprint).  Chemical  changes  by  which  magne^sium  chloride  in  the  primeTal 
oe(>ari  Ixvame  precipitated  as  magnesia  must  also  be  taken  into  aooonnt 
(liXll.  p.  12). 

A  further  intei*esting  question  c<'ncerns  the  salts  of  the  cells  themselves, 
a  more  difficult  problem;  but,  as  Macatlum  puts  it  (1904,  p.  9  of  reprint), 
•'If  the  blood   plasma  of  vertebrates,   because  of   the  forces   of  heredity, 

reproduce  the  f»nj[)ortions  which  obtain*  tl  in  pre-Cambrian  «K!cans,  why  sliould 
not  tin;  cells  of  the  tissues,  IxM'.au.se  of  the  same  forces,  reproiluce  in  them 
selves  the  proportions  which  obtained  in  sea  water  of  a  much  earlier  geological 
period  t " 

There  are  different  qnentions  involved  in  the  dtaoaiMlon  of  this  probleni,  the  ooosideralicMt 

of  whi<  ii  \v<MiM  li-ad  ii.s  tiMi  far.   The  n-.uh-i  intorested  may  refer  to  tiie  paper  quoted,  and 

to  a  lurllu  r  one  on  tho  salt^i  of  the  blood  (lUlO). 

AVliatever  mnv  he  the  final  decision  on  tho  question,  the  fjut  remains  that 
sea  water,  diluted  to  the  Siuue  osmotic  pressure  as  the  blood,  is  a  very  cfTeet  ixe 
[ihysiological  solution,  although  the  amount  of  magnesium  is  unueccs^saiily 
great. 

Betuming  to  the  preparation  of  such  solutions  for  experimental  use,  it  ia  found 
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that  Ringer's  solution  of  the  following  coniposttion  ia  the  muiit  satiufactory  for 
tlie  heart  of  the  frog: — 


NaCl 
KCl 

CaCI. 
NaHCO, 


0-65 
00  U 
0012 
002 


NaH.^P(\ 
(Glucose) 
Water  - 


0  001 
(0-2) 
to  100 


Tliis  solution  has  a  hydrogen  ion  concentration  of  lO"^^^ 

The  osmotic  pressure  of  the  blood  of  warni-bloodeil  vertebrates  is  higher  than 
that  of  the  frog,  so  that  the  concentration  of  the  salts  must  be  slightly  rai.stKl. 
For  the  isolated  mammalian  heart,  I>ocko  (11)00)  found  the  following  coniiMjsition 
to  serve  well : — 


NaCl 

KCl 

CaCL 


0-9 

0042 

0024 


NaHCOg 
(Glucose) 
Water  - 


001-003 
(01 -0-25) 
to  100 


The  aiMiticm  of  glucose  is  of  atlviintuge  as  a  source  of  energy,  unless  tlieiti  is 
objection  to  its  presence  for  other  reasons.  For  mammals,  this  solution  must 
be  thon>ughly  oxygenated,  conveniently  by  blowing  oxygen  from  a  cylinder 
of  compressed  gas  through  a  Berkefeld  filter  immerse«l  in  the  solution,  as 
suggest***!  by  Keith  Lucas.  The  solution  uscil  by  Locke  should  be  called 
Hintjer  Lockes  mfutiirn. 

Tynxlo  (1910)  a<Ids  a  small  amount  of  a  salt  of  magnesium  and  biuubouato, 
obtaining  the  following  solution : — 


NaCl 
KCl 
CaCI, 
MgCl, 


0-8 
002 
002 
001 


Nair,PO^ 
NallCOg 
Glucose  - 
Wat«r  - 


0005 

0.1 

01 

to  100 


This  s4>lution  is  u  gwd  one  for  the  intestine  of  the  rabbit,  but  the  luldition 
of  magnesium  does  not  appear  to  bo  of  any  advantage  for  the  heart,  as  jwinted 
out  by  Ixxjke  (1900).    The  hist  solution  may  l)e  called  liiinfrr-TynKlf's  solution. 

The  addition  of  bicarlxjnato  is  of  value  in  a.ssuring  that  the  solution  shall  be 
only  just  on  the  alkaline  side  of  neutrality,  while  possessing  the  capacity  of 
neutralising  acid  products  formed  by  the 
metalKilism  of  the  organ  perfused  (sec  p. 
199). 

Tlic  work  of  Clark  (1913,  2)  on  tho 
ht^rt  of  the  frog  has  shown  that  con- 
tinuous i)erfusion  with  renewed  supplies 
of  a  pure  saline  solution  reiii(»ves  some 
important  constituent  from  the  cells  ;  thus, 
a  small  volume  of  Ringer's  solution,  which 
has  Xnum  repeatedly  circulated  through  a 
heart,  is  capable  of  reviving  another  heart, 
whose  l)eats  are  reduced  owing  to  <;on- 
tinuous  perfusion  (Fig.  G4).  The  substance 
in  que.stion  setims  to  Ije  of  a  lipoid  nature, 
since  it  has  considerable  power  of  lowering 
the  surface  tension  of  water,  and  a  sub- 
stance having  a  similar  action  c^'in  bo 
extra(?ted  by  ether  from  the  resi«lue  left  on 
evaporation  of  blood  serum.  The  residue 
left  on  evajK)ration  of  the  ether  has  a  great 

effect  in  causing  recovery  of  a  heart  which  has  become  "  hypodynamic  "  from  pro- 
longed perfusion  with  Ringer's  solution  (Fig.  (15).  This  power  is  also  present  in 
lecithin.  ITie  interaction  of  calcium  is  nece^ssiirv  for  the  clTect.  which  seems  to  be 
due  to  a  change  in  the  colloidal  constitution  of  the  cell  membrane,  which,  as  we  have 
seen,  undoubtedly  conbiins  a  large  proportion  of  lipoids.  Cushny  and  Ounn  (1913) 
show  that  the  heart  reacts  abnornmlly  to  serum  after  perfusion  with  saline  solutions. 


Fm.  64. 

A,  Frop  heart  a(t<r  iitrftwion  for  four  hours  wilh 
lliriL'tT'M  Mjlnlioii.  At  thi-  jrap.  whiTt-  lu'  ts 
iiiarktil,  2»,'.c.  of  Rinf?i>r'H  itohition,  whii-h  hail  rir- 
riilutr^l  for  twelve  hours  hjvkwnrriM  luid  forwanl» 
thmiiL'h  another  heart,  were  iMidtil  the  2  c.o. 
alrca<ly  ein-uLilini;.  The  result  Hhowti  that  Mjuie 
iniiH>rt«iit  Hulidlaiicc  im  reiiiove<l  from  the  muiM-le 
by  coulinuoua  iM.T(u8i<>ii  with  noliiie  aohitioiitt. 


(Clark,  1913,  2,  p.  98.) 
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AnUigonisni  of  Scdts. — In  these  pliy8ioU>gical  Haline  solutions  wo  sec  how  one 
salt  alone  is  unable  to  preserve  the  excitability  of  living  tissues,  and  we  are 
reminded  of  the  similar  phenomena  in  the  effect  of  salts  on  the  permeability  of  the 
cell  membrane.    In  this  latter  case  we  found  that,  as  a  rule,  the  action  of  a  single 


1. 


3. 


3. 


4. 


Fic.  6.1.    Effect  or  lipoid  constituknts  of  skrum  on  uypodvnamic  meaht. 

1.  fk>at«  of  ht-art  ri-mlcml  ti>  |»od.vnAmir  liy  prolon^T*!  jwrftislon  with  RlntTr's  Bolnlion. 

At  A  the  cf»niitiJ«fnt«  of  M-niiii  which  art"  iiisoluhle  in  alc"»ihol  were  Midcd ;  there  is  no  elfecU 
The  jMilw  vohmie  iP.v  )  iiHTciuK-a  inerelj  from  (KW  to  (M<;{3  cc.  . 

2.  At  n  marktHl  ofTei-t  of  the  alcohol-eoluhic  constituents  uf  tH-nim.    Pulse  %'olume  increased  in 

do  from  «HW  c.c.  to  O  IU  n.c 
X  KfTert  of  ether  eslrart  of  dry  retiidiic  of  alcoholic  extrai^t  of  serum,  introduced  at  A. 
I  Similar  effect  o(  sodium  soap  of  the  above  ether  extract. 

(Clark,  1913,  2,  p.  W.) 

salt  is  tocaust^  a  loss  of  the  semi-pcrmcablc  properties  of  the  membrane,  and  it  may 
well  bo  that  we  have  to  do  with  related  phenomena  in  the  behaviour  of  cells  U) 
perfusion  fluids. 

The  way  in  which  one  salt  is  able  to  neutralise  the  toxic  properties  of  another 
is,  as  yet,  by  no  means  clear.  Ijoeb  (1903)  showcnl  that  a  marine  Gammarus  dies 
in  half  an  hour  if  transferred  to  cane  sugar  or  pure  sodium  chloride  isotonic  with 
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aea  water,  in  £act,  just  aa  quickly  aa  if  placed  in  distilled  water.  The  addition  o£  eitl^ 
potesnmn  chloride  or  of  cakiuin  chloride  alone  to  distilled  water  or  to  cane^gM' 
doea  not  improve  it.  In  solutions  containing  aodinm  chloi^  plus  either  potassiun 
or  calcium  chloride,  the  animals  die  also  as  soon  as  in  pure  wat<>r.  Only  in  a 
solution  containing  Na',  K*  and  Ca  *  *  ions  in  the  proportion  and  concentration  in 
which  they  exist  in  sea  water  are  the  animals  able  to  remain  alive.  It  seems  ciear 
that  the  normal  aemi-permeability  ol  the  eoUddal  constituents  of  the  cell  membrane 
is  only  kept  intact  when  these  three  salts  are  present.  Perhaps  invcstigaticNiS  on  the 
physical  properties  of  proteins  and  lipoifl?^,  fifi  W(  II  .w  of  other  cf)lloidal  systems  under 
theinthience  of  these  'salt'^, noparately  and  to^'i  ther,  \s'ou!<l  throw  liLjlit  on  thr"  qu«jtion. 
Loeb  and  Wasteue^s  ^iiil^j  allowed  that  sodium  chloride  increaiieii  permeability. 

A  aimilair  set  of  phenomen*  tuhve  been  investiisated  hy  Loeb  simI  Wastmeys 
(1911)  in  the  case  of  the  fish,  Fundulus,  which  is  not  affected  by  the  osmotic 
pressure  of  the  solutions  used  in  the  experiments.  In  sodium  chloride  or  potassiaro 
chloride  solutions,  of  t!ip  concentration  in  which  these  salts  exist  in  «ea  water,  the 
fish  only  lived  a  few  days  ;  v^hereas  in  calcium  or  magne^iuiu  chlorid<^  they  lived 
indefinitely.  But,  in  contrast  to  what  we  have  seen  to  be  the  case  in  the  heart,  it 
was  found  that  salts  of  sodium  and  potassium,  present  together  in  certain  propor- 
ticm,  mntuiiliy  depriTed  one  another  of  toxic  actioD.  In  the  heart,  as  will  be 
remembered,  the  presf^iuf^  of  calcium  is  necessary  in  addition.  A  further  demand 
is  made  by  the  sea  water  plant,  Rnppia  snart^tMia,  whicli  requires,  according  to  the 
investigations  of  Osterhout  (i90|()),  no  less  than  four  salts,  viz.,  all  the  cations 
present  in  any  quantity  in  sea  water,  namely,  sodium,  potassium,  ealcium,  and 
ma<;ne8iom. 

R<»tuming  to  the  experiments  of  TxM'h  nnd  Wasteneys,  direct  eviflence  is 
given  tlmt  the  effit  t  is  of  one  cation  ou  another,  and  not  of  aii  oppoaite  ion.  The 
fact  that  above  a  certain  concentration  of  potassium  chloride,  no  neutralisation 
of  its  toxic  effect  by  a  sodium  salt  is  possible,  suggests  a  partition  of  scwne  kind 
at  the  cell  membrane  and  most  probably  an  electrical  a^lsorption.  We  Itave  seen 
above  (piigo  104)  that  tlicic  is  no  eviden<<>  for  the  formation  of  chemical  com- 
pounds of  protein  with  neutral  salts,  whether  they  be  called  "  ion  pniteids  "  or  by 
other  names.  •  We  may  also  call  to  mind  that  one  substance  may  displace  another 
from  its  state  of  adsorption,  provided  that  in  the  process  there  is  a  further 
diminution  of  free  energy  of  any  kind. 

If  the  proportion  of  aodiom  chloride  to  potaH^iuin  chloride  is  much  le&s  than  that  in  se* 
water,  for  example  only  eight  molecules  to  one,  the  trixic  action  of  the  (Mit-nHHiuin  is  increased. 

it  is  alwj  interestiiii;  to  note  that  fvihium  chloride  itself  is  not  toxic  for 
Funduius,  so  that,  when  it  neutralises  tlie  Uixic  action  of  stMliuni  and  ixitasMiuni 
chlorides  on  this  fish,  it  is  a  case  of  a  non-toxic  ion  neutralising  a  toxic  one. 
Osldum  has  a  much  more  powerful  action  in  neutralising  potassium  than  sodium 
1ms,  about  TtOO  times  as  great.  Like  that  of  sodium,  however,  the  antagonism  is 
limited  and  the  interestini;  j>oint  al>out  the  fart  is  tliat  the  limit  is  tlie  sfune,  viz., 
no  stronger  solution  than  6*6  c.c.  of  0-5  molar  KCl  to  100  c.c.  of  water  can  be 
Deutraliued  by  any  amount  of  eitlier  calcium  or  sodium  salt  nor  by  both  together. 

The  fact  that  caloiom  has  a  much  more  powerful  action  than  sodium  has  is  not 
unexpected  if  we  l(X)k  upon  the  effect  as  exerted  on  the  cell  membrane.  Ca*  *, 
as  a  bivalent  ion,  }ins  mneh  t,'re;iter  action  on  colloidal  aggregation  than  so<lium 
ha-s.  Strontium  rlil.tri<le  Ims  an  ertect  al)OUt  equal  to  that  of  calcium  chloride; 
barium  chloride  has  also  a  high  value,  but  is  very  toxic.  Magn^iom  chloride 
has  relatively  little  action,  so  that  the  valency  of  the  ion  is  not  the  only  factor 
concerned. 

Sodium  chloride,  in  the  concentration  in  which  it  exists  in  sea  water,  cannot 
be  neutralised  by  potassiinn  chloride  alone,  calcium  miist  also  be  present. 

A  further  interesting  t<ict  is  that  the  toxic  action  of  acids  is  also  abolished  by 
sodium  ions  and  still  better  by  calcium  ions. 

The  opposite  effects  produced  by  sodium  and  calcium  on  the  cell  membrane 
^ve  been  referrsd  to  previously,  and  Clowes  (1916)  has  shown  that  the  reversal 
of  phases  in  systems  of  oil  and  water  is  acted  upon  in  an  f>pposite  way  hy  these 
sslts.    It  is  dithcult  to  understand  why  the  effects  of  a  univalent  and  a  bivalent 
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ealion  should  not  only  differ  quMit&tatively,  but  be  of  oppoatte  sign.  Clowes 

suggests  that  tlio  oppositiftii  is  really  one  Txitween  cation  and  anitm.  Tn  tlio  cnse 
of  calcium  chloride,  the  cation  is  more  powerfully  adsorljed  and  reactive  than  the 
anion ;  in  that  of  sodium  chloride,  the  anion  is  adsorbed  to  a  greater  degree  than 
the  eatian.  Henoe  the  pomUlity  of  iiwking  a  belaaoe  between  them  and  the 
leaaon  why  the  necessary  oonoentr&tion  <tf  the  calcium  salt  is  so  much  less  than 
tiiAt  the  sodium  salt.  This  view  is  confirmed  by  the  fact  that  sodium  citrate 
is  more  eiTectivo  than  the  chloride  in  balancini,'  oaloium  chloride,  because  the 
citric  anion  is  more  adsorbed  than  the  chlorine  ion. 

According  to  Zwaardcmakcr  (1918),  equally  radio-active  amoants  of  mdiam, 
emanation,  thorivnif  or  uranium  were  equal  in  their  capacity  of  repladng 
potassium,  which  is  also  slightly  radio-active,  Clark  (unpubUshed)  finds  that 
uranium  will  not  replace  potsjasium  in  the  j^nse  that  rubidium  does. 

If  cler-t rical  phenomena  pliiy  a  p*%rt  in  the  action  of  ions  iti  ;L,'<-neral,  it  is  possible  tli*t 
the  nttinity  of  an  ion  for  its  charge  may  have  to  bo  tAken  into  aetxmnt,  insisted  uwni  l>> 
A.  P.  Matthews  (IS'M).  The  n>ost  active  ions  would  be  ex(>eoterl  to  l)e  those  which  \*^ri 
with  their  charges  most  easily.  Although  we  must  at^laiit,  with  tlu^  iMtlmr.  tliat  pliysiuUijocal 
action  ha.s  fre<|ucntly  no  connection  M'itlj  chemical  structui'e,  fur  i-xannjle.  I>frytlmrii  Hulphate, 
Icail  acetate,  sugar,  phloroglucinol  and  saccharin  all  taste  sweet,  it  is  undoubtedly  \p\ug 
too  far  to  say  that  all  actions  of  enzjrmes  or  t/ixins  have  nothing  to  (h>  with  chemical  stnir-ture, 
w  that  the  a^-tion  of  a  lead  or  other  salt  on  the  living  orgutuHui  is  determined  by  the 
character  and  num^ier  of  it^  electriosl  ohai]g!es  and  by  tns  ssss  with  whieh  it  psris  wiAh 
th«se  chaises,  and  by  nothing  else. 

ACTION  OF  SALTS  IN  PAUTrCUL.\H  INSTANCES 

Tn  order  to  realise  tlie  many  and  various  w.-iyn  in  whieh  plcctmlytoH  inU'rv-Mip 
in  physiological  processes,  it  will  lie  instructive  to  refer  briefly  to  a  few  typu  ai 
cases ;  some  of  these  will  require  more  detailed  treatment  in  future  cbapt^  ns  so 
that  they  may  lx>  merely  mentioned  here, 

Tho  illustration  by  Hoclx^r  (1011,  p.  444)  of  our  methods  of  regardinj;;  the 
conildnrd  cffoct  of  tlip  various  ways  in  which  such  actions  may  bo  fxf'rris«Hl,  is  an 
apt  one.  He  likens  our  ccmceptioits  to  a  mirror,  which,  in  its  prt^stmt  condition, 
does  not  give  a  sharp  imaga  If  the  image  appears  to  bo  a  confused  cme,  we  must 
not  jump  to  the  conclusion  that  the  mirror  itself  is  an  inappropriate  one  and 
distorts  the  object  to  be  reflecte<^l,  but  that  it  is  not  sufhciently  polished  t4)  show 
fine  dotflils  fiR  well  as;  it  does  the  coarser  outlines.  The  ]ihv«ical  chemistry  of 
colloids,  Ui  mention  one  fact  only,  ia  still  too  full  of  gups  i/o  answer  all  that  it 
may  be  capable  <jf. 

It  is  perha])s  well  to  name  again  the  possible  ways  in  which  a  salt  or  other  ' 

electrolyte  may  act  ;  the  electrical  charge,  as  SW^i  has  \\h  effect ;  there  is  also  the 
effect  on  the  solvent,  sli<»wn  by  lyofropic  artioTis,  and  frc^juently  expiviwed  in  tli*- 
"  HofnuMstt^r  serii's  ' ;  finally,  we  may  hav(»  elierfs,  not  iiiclmled  in  any  <>f  tli»'sc 
an*l  more  nearly  related  to  purely  chemical  action,  so  that  they  are  oft4*n  exerted 
by  the  salts  of  one  element  alone,  or  by  those  of  closely  related  ones. 

The  Sujn  of  fJf  /Ch  ctrieal  Chnrt/r  (^n  Cdl  }femlinmegj  as  worked  out  by  Mines 
(1912),  is  the  first  of  these  general  efi»»ctH  to  wliidi  wo  may  call  attention. 

On  Adsorption  by  Sitrfaff>!.'  ^^'ll('n  a  suiwtiiincc  with  an  elect ricjil  charge  is 
adsorl)od  by  tho  surface  of  a  c«»lloui,  the  amount  adsoilM-d  depends  greatly  on 
the  sign  of  the  charge  of  the  surface,  whether  similar  or  opposite  to  that  of  the 
subst^oe  adsorbed.  By  electrolytes,  tiie  charge  of  tiie  snrfsoe  can  be  annulled 
or  reverscfl. 

Ilnmixilfihin. — An  important  action  of  electrolytes  on  the  (liss^K-iation  of 
oxyhjcmoglobin,  de8crilx^d  by  IWcroft  and  Camis  (1909),  prol»ably  depends  on  tlie 
colloidal  nature  of  this  substance.  At  a  given  pressure  of  oxygen,  less  el  this 
gas  is  taken  up  by  hiemoglobin  in  presence  of  salts  than  in  pure  water.  For 
example,  at  30  mm.  o{  mercuiy  of  oxygen  pressure,  the  percentage  saturation 
in  water  is  Sf),  and  in  Hinger's  solution  only  60.  The  effect  is  «^till  more  marked 
witii  aciris,  anti  is  a  <ielicat4»  indication  of  the  hydmgen  ion  c«»nc«»ntration  in 
bloo<l.  The  importance  of  the^  facts  will  be  seen  later  in  connection  with  the 
supply  of  oxygen  to  the  tasBuea, 
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BnssyMB  Adion. — ^Many  enzymes  are  inactive  in  the  absence  of  electrolytes. 
In  sonir  cases,  this  rippmrn  to  Ix'  (Iin>  to  the  fticilitatioil,  by  salta,  of  adsorption 
between  ih/'s'hios  and  tlu'ir  respective  sul).strates. 

Uteiiudt^^iu. — It  wjvs  shown  by  Geuguu  (1908)  tliat  the  bcmolysin  of  the 
Mram  of  the  eel  is  inaetive  without  elsetrol  vtes. 

SeereiUm. — It  will  be  seen  Uter  that  the  excitatoiy  action  of  extracts  of  the 
duodenal  mucoiis  membrane  in  cansing  the  pancreas  to  secrete  is  not  shown  in 
the  ah*?ence  of  electrolyten. 

KUctriccd  Kxcifafimi.—  'S\urA'  salts  are  always  present  in  living  tit»sueH,  it  is 
clear  that  the  result  of  applying  an  electrical  current  niUMt  be  the  separation  to 
a  greater  or  less  extent  of  the  ions  of  <^posite  sign  at  the  two  electrodes.  The 
sxcituig  effect  of  the  catho<le  and  the  inhibitory  eJTe<  t  of  the  anmie  is,  no  doubt, 
connected  with  this  fact.  The  opposite  action  of  U*  and  OH'  ions  is  a  familiar 
tact  and  has  been  alremly  referred  to.  • 

Snuxtth  AfuHcU. — Hf)oker  (1911)  shows  in  experiments  on  perfusitm  of  the 
Uood  vessels  of  the  frog  with  saline  solutions,  that  calcium,  prodaees  contraction 
U  the  muscular  coat^  while  potassium  and  sodium  cause  reUxation.  Gaakell 
(1880  82,  'pp.  55  and  56)  had  already  shown  that  acids  cause  relaxation,  and 
sUcalies  cause  ccmtraction. 

Pigment  Celts. — The  llsh,  Fundulus,  ctkutains  in  its  skin  yellow  and  black 
pigment  cells.  It  has  been  sliown  by  Hpaetii  (1913)  that  pot^i-sNiuiu  salts  expand 
the  former,  contract  the  latter.  Sodium  salts  have  an  opposite  efifect  on  both. 
^  photographing  the  same  cell,  it  is  seen  that  the  expansion  and  contraction 
does  not  concern  the  cell  as  a  whole,  since  the  processes  remain  permanently  of 
tiip  s^uu"  f«  r  fit  Tlio  pigment  granules  migrate  inside  the  processes  to  and  from 
the  centrH  ot  t  1h«  (  ••ll. 

We  may  p^iHH  on  to  some  sjMxial  actions  of  indivitluut  ions. 

(Toletwm. — Although^  in  certain  proce<Me8,  calcium  can  be  replaced  by  other 
alkaline  earths,  there  are  others  in  which  this  is  not  sa  I'arium,  for  example, 
h  especially  toxic  the  animal  organism.  The  proj>erty  of  calcium  to  favour 
otn»«nlidation  or  stahilitv  in  colloidal  sv«^t<Mns,  m  o|>jtos'ition  to  that  of  thn  alkidi 
metals,  which  tend  towaxls  lit|ut'faclit>n  in  ,>oiuc  tuuses,  is,  no  doubt,  rightly 
iodicatetl  by  Iloeber  (1911,  p.  44(i)  as  being  of  grt^at  importance  in  the  explanation 
flf  tiie  physiological  action  of  calcium.  Moreover,  the  same 'author  points  out 
that  the  action  of  a  bivalent  ion  is  much,  less  violent  than  that  of  a  multiyal«it 
ion  and  is  murli  more  easilv  reversible. 

Wf<  have  alii-adv  sivn  the  necessity  of  calciniM  fm  the  heart  beat  of  the 
vertebrau*,  and  Ixjvatt  Evans  (1912,  2,  p.  410)  has  shown  U»at  the  same  statement 
ipi^  to  that  of  the  snail.  The  latter,  however,  is  able  to  stand  a  much  higher 
concentration  than  that  of  the  frog,  beating  quite  normally  in  2  per  cent,  calcium 
chloride.  Barium  is  quite  as  toxic  as  to  the  vertebrate  heart,  one  part  in  20,000 
cashing  a  marko<i  syst/ilic  condition. 

Locke  sliowtnl  (1894)  that  calcium  is  also  ntces-sary  for  the  transference  of  the 
excitatory  process  from  nerve  to  muscle  and  Overton  (1904)  showed  that  it  is 
e<{iially  necessary  for  the  transmission  of  the  excitatoiy  state  through  the  synapse 
sf  an^ve  fibre  with  a  nerve  cell.  According  to  Husquet  and  Pachon  (190i<)  when 
the  art  ion  of  the  vagus  nerve  on  the  frog's  h<  ai  l  has  I M»en  stopped  by  perfusion 
with  pint'  .^xlium  chlorirlf  Holntion,  as  shown  hy  llowel!  (IDOC)),  addition  of 
taknum  chl»»rid('  in  extremely  small  amount  is  sutlicient  to  restore  the  inhibitory 
sction  to  the  v  a^u^  nerve. 

Clark  (1912,  p.  13)  has  shown  that  digitoxin  (the  active  substance  of  the 
foxglove)  is  inactive  without  calcium. 

In  Fig.  M  the  heart  of  the  frog  la  Been  to  be  at  firRi  besting  normally  in  Ringer'n 
SohlUon.  At  A,  raloiunj  ftii'  UiiiLr(T's  Fwilutioa  is  pt  rfn-pr!  wiush  awfiy  culriuni,  aiul 
•t  a',  rppe«te<l  cirt-ulation  of  the  flame  3  c.c.  of  the  Kanie  Holutiou  i«  cMUililished.  The  feeWe 
l«at  Hren  in  the  tmHng  ooniiniies  for  hours  tinder  these  oonditinnR.  At  n,  a  trace  of  ealcium 
'hl<in<l«  is  addi'l  ;  the  t>eat  n  turris  to  iioiinul.  At  v.',  tVOI  in-,  r.f  (Hiiitr.xin  i-,  afldiHl  and 
•**•  c,  p(*rfuiii«jn  with  ralrium-frw  Kinger's  tsolution  is  n-'MimiiK'nriHi.  It  will  Im;  st'en  that, 
^Itbovdi  the  beat  is  «oroewh«t  stronger  and  slower,  the  typical  syfltolic  tone,  which  the  drug 
Mnadly  ptodncea,  is  absenk   At  D»  the  nc^mal  amoont  tk  caldum  chloride  (0'02  per  oenk)  is 
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abided  ;  the  systolic  arrest  appears  immwliately-  It  is  U>  he  noted  that  the  araount  of  oalcinm 
addtxl  is  only  just  about  the  aiiiuunt  required  to  neutralise  the  pitas.siuni  present  in  ihe 
solution,  so  that  the  effect  is  not  duo  to  the  calcium  but  to  the  aigitoxin,  which  had  beea 
in  abeyance  until  the  calcium  was  added. 

Hamburger  (1910)  finds  that  calcium  increases  the  amceboid  movement  of 
phagocytic  leucocytes,  while  l^arium,  strontium  and  magnesium  have  no  such 
effect. 

Chiari  and  Januschke  (1910)  describe  a  remarkable  action  of  calcium.  If 
Htxlium  iodide  is  injected  intravenously  into  dogs,  fluid  is  exuded  into  the  pleura 
and  pericaniium,  and  fedema  of  the  lungs  is  produce<l.  But,  if  calcium  chloride  is 
injected  simultaneously,  these  cavities  remain  quite  dry.  Exudation  produced  in 
other  ways  is  alwj  subject  to  the  same  effect  of  c^ilcium.  Inflammation  and 
swelling  of  the  eyelids,  caustnl  by  oil  of  mustard,  is  preventetl  by  previous  8ul>- 
cutjii)iK>us  injection  of  calcium  chloride.  Recent  investigations,  however,  have 
shown  these  results  to  be  very  doubtful. 
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Fio.  66.    Inactivity  of  duutoxin  on  thk  riuH;'s  hkart  in  absence  of  CAbcirM. 

(Clark,  1912,  fig.  7 :  Proc.  R.  Soc.  Mtd 


An  interesting  fact  notetl  by  Mines  is  that  rtrontinm  can  be  antmjonu»e(l  by  calcium  in 
respect  to  its  action  on  the  heart  muscle.  The  characteristic  tonic  effect  of  calciuui 
is  p«is«esae<l  to  a  greater  degree  by  strontium  ;  but,  if  to  a  Ringer's  solution,  containiog 
Huthcient  strontium  Uj  give  a  marke<l  prolongation  of  the  lx«at,  there  be  added  the  normal 
amiiunt  of  culciuni  salt,  the  lieat  returns  to  xU  correct  form.  It  is  difficult  to  say  io  what 
way  this  ette<  t  is  pnjduce<l  ;  |HM*sibly  calcium  lowers  some  form  of  surface  energy  to  a  greater 
extent  than  strontium  does,  and  therefore  displaces  it  from  the  cell  membrane,  or  calcium  may 
give  up  its  electri<al  charge  with  greater  ease  tlian  strontium  does,  an<i  thus  maintain  the 
projH'r  <^>lIoi<liil  consistency  of  the  membrane. 

In  the  aKsence  of  calcium,  the  heart  of  the  frog  is  unable  to  give  contractions. 
The  continuance  of  the  electrical  change  shows  that  tlie  excitatory  proct^ss  goes  on 
(see  Mines,  1913,  3,  p.  231),  and  Ixxike  ami  llosenheira  (1907)  found  that  glucose 
is  still  eimsunu'd.  It  appears  that  there  is  some  break  in  the  mochani.sni  of 
conversion  of  chemiuil  energy  to  contractile  .stress.  The  .state  of  the  active 
surfaces  (see  below,  page  4  4b),  in  the  aKsence  of  calcium,  is  such  that  the 
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increase  of  surface  energy,  normally  produced  by  the  liberation  of  lactic  acid, 
cannot  take  placet 

If  the  blood  vaanls     the  frog  are  perfused  with  Ringer's  aolotioo  and  a  trace  of  adrenaline 

ailded,  a  marked  constriction  ia  shown  l>y  a  Bln'-vim'  of  the  mtc  of  flow.  Accoiding  to 
R.  O.  Pearoe  (with  Aaher,  1913,  p.  274),  if  pure  inotoiac  sodium  chloride  is  uned,  adreoaliae 
causes  dilatation  of  the  vessels.  It  aniean  that  oaknom  it  neoMwwry  for  the  normal  elfeet  tA 
adrrnaliiio  "mi  the  sympathetic  m*rw  fiKlinga.  In  cxporiments  of  this  kind  caution  iH  n«ce«'^nry 
ou  account  of  the  flpontanoouM  rl)ytiiiHii'..ii  clianifes  which  are  apt  to  occur  in  the  frttg's  bluod 
vcmi^ls  under  a^ine  perfusion,  as  [  have  descriDed  (IIMM,  1).  In  fact,  I  have  been  unable 
to  i-unHrni  IV'nrrt'^  rt"^tiltH.  This  ap{virent  reversal  of  an  exoitatioo  to  an  inhibition  will 
ooroe  up  tor  diiicuariiuu  iv^aiii  in  a  hiter  jiage. 

There  are  two  particular  phenomena  of  physiological  interest  which  appear 
to  be  colloidal  aggregations.  Hiese  are  the  coagulation  of  the  blood  and  tliat  of 
mitk  by  rennet  For  both,  the  preaenoe  of  calcium  in  required.  In  the  former 
case  the  fact  was  first  definitely  proved  by  Arthus  et  Pages  (1890),  although 
the  fjivouritii;  artirm  f>f  rjilftutn  s;ilts  had  been  noticed  piwionsly  and  it  had 
l><*<  n  shown  l)y  UiiigiT  and  Sainhl)ury  (1H90)  that  l>arium  nnd  Ktn»ntiuiij  liad 
the  same  elTfct,  but  in  less  degree.  Arthus  et  Pages,  also,  showed  that  strontium 
eonld  replace  jcalciuin. 

In  the  clotting  of  casoinogon  in  milk  by  rennet,  it  is  first  converted  into  a 
form  which  is  y  n v  ipitated  by  c.lI  ima  (UitiL'f  r,  !s*)0).  Fraaer  Harris  (18d6) 
nksswed  that  Ktrontiuni  anrl  barium  can  replace  calcium. 

Magnesium.  —  Meltm-  and   Aucr  (1905)  dcscrilje  how  the  Rubcutaneous 
lAiitiuiu  into  a  rabbit  of  I '7  g.  of  magnesium  sulphate  per  kilogram  produces  in 
to  forty  minutes  deep  amesthesia  and  paralysis  and  (1908)  how  this  effect  is 
removed  in  a  few  secon<ls  by  the  intravonotis  injection  of  alKnit  H  c  c.  of  3  p<^r  cent, 
ailctum  chloride.  The  same  experimenters  f  1  !'09)  show  that  the  aj)]»H<  ation  of  a  molar 
solution  of  magnesium  sulphate  to  tlie  surnicG  of  the  medulla  oi>longata  causes, 
within  fifteen  minutesi  abolition  of  the  functions  of  all  the  medullary  centres. 
(1913)  points  out  the  value  of  a  preliminary  dose  of  magnesium  sulphate  in 
'narcosis.    If  0-6  g.  of  crystallised  magnesium  sulphate  per  kilogram  of  animal 
ifiven  intramuscularly       ral)l)its  (or  O'H  li;.  to  dogs)  a  very  small  efftft  is 
produced  ;  but  if  ether  l»e  given,  profound  ana^tltesia  i^esultci  fi-om  one  tenth 
tiie  dose  usually  retjuired  for  mild  anaesthesia. 

St^wm. — It  was  shown  by  Overton  (1904)  that  frog's  muscle  immersed  in 
■isotonic  cane-sugar  (7  per  cent.)  loses  its  excitability,  and  that  restoration  can  be 
brought  about  by  a  Milium       or,  in  a  less  degree,  by  a  lithium  salt^  but  not  by 

salts  of  potassium  or  ummoniuni. 
Korves  behave  in  a  similar  way.. 

PoComtim. — ^The  action  of  potassium  is^  in  the  main,  but  not  always,  a 
ptralysing  one,  as  se<>n  in  the  case  of  the  heart  At  the  same  time,  its  presence  is 
necessary  to  control  the  opposite  action  of  calcium. 

It  is  proltable  Uuif  the  powerful  phy.-iological  action  of  potassium  may  be  connrottHl  with 
the  rapid  nite  of  migration  of  itt<  'uma,  if  the  table  on  |)a^e  177  be  consulted*  it  wiii  be  seen 
that  these  ions  h>ive  a  higher  tran^4|)ort  number  than  any  <ithcr  cation,  with  the  exception  of 
hydrogen.  This  fact  ^ill  cnulile  th<  ni  to  play  a  proniim-nt  jiarf  in  \\\v.  phonorncna  rotincr  ttMl 
with  the  eleotric  charge  uu  »urfaces.  in  the  formation  oi  a  llelinh>>lt/.  duublt;  layer,  ][iotassmm 
iuns  will  outdistance  other  cations  and,  therefore,  U*nd  to  l>e  in  excels  in  the  positively  charged 
■ide  of  the  layer.  See  also  the  remarks  oq  pi^  214  on  the  nidio*aotivity  of  this  metaL 

Howell  (1906)  slmwcd  that,  in  the  absence  of  potassium  salts,  the  vagus  nerve 
Iws  its  pfjwer  of  inhibiting  the  beats  of  the  heart,  and  the  similarity  l^etwoen  the 
action  of  ]>ot  t>4si'inn  and  tliat  of  the  vagus  n»M  \  »'  sii«?gf»st<^  to  him  (iHOf),  p.  l'1>1) 
the  hypothesis  tliat  the  action  of  tliis  nerve  might  depen<i  on  the  setting  fm*,  in 
some  way,  of  potassium.  Howell  uid  Dukn  (ld08)  found  that  an  increase  of 
pifn^sium  conld  be  detected  in  a  small  amount  of  Ringer-Locke's  solution  which 
had  psssed  repeatedly  through  a  mammalian  heart  under  vagus  inhibition. 

Hfihiiictcr,  liowfv.T,  (MUn)  \v(us  unatilf  to  find  any  difference  in  the  jxila^siuni  contt'iit  of 
the  srih  of  normal  and  inhibit«rd  hearts,  but  this  would  scaroely  be  expected  to  be  the  case.  In 
the  blood  oontained  within  the  heart  of  the  dt»g  fiHh,  under  both  conmtions,  again  no  difference 

found,  hilt  the  amttunl   lif'ii  ing  into  the  i>l<M»l  iiii^'tit  eo-sily  l>e  within  the  timil^  of  Hi,- 
c^rimeotai  error  of  the  aatstitud  used,  that  of  ordinary  chewiuai  analysis.    Uf  more  interest 
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ts  the  fact  that  the  blood  passing  by  crossed  ciroulatioQ  irom  the  heart  of  one.dog-fiah  to  that 
of  anotiier  had  iM>  effect  on  the  lifter  wliM  tliAfoniM^  But, 
in  ezporiuentB  of  this  kind*  oegatava  leanlta  aio  lew  eonvjnoiiig  than  poaitiTe  onei^ 

CA/o^ntt^.^Tuniiiig  our  attention  to  anions,  perhaps  the  most  striking  action  is 
that  of  chlor  ino  on  the  erntral  nervous  system,  according  to  the  work  of  von  Wyss 
(190fi).  W  heu  iiudiuin  broiuiUe  is  given  in  large  doses,  the  chlorine  content  of  the 
blood  uui  be  reduced  to  one-third.  The  exact  cause  of  this  is  disputed,  but  the 
interesting  point  in  that^  at  this  stage,  characteristie  symptoins  ol  paralysis  set  in. 
According  to  von  Wyss,  these  eymptoms  are  not  dae  to  accnmnlation  of  bromint , 
hut  t*)  loss  of  chlorine,  since  they  are  rapidly  cured  by  giving  sodium  clilorid--. 
Mori'dvcr,  wliilo  ammonium  chloride  is  effective,  s«Kluini  nitrate  or  sulphate  or 
magnt'sium  Hulphate  is  without  action.    Grllnwaid  ubUiiued  similar  resulUs 

by  depriving  rabbits  of  chlorine  in  their  food  and  aaministration  of  diuretics. 

Carbon  JHoaskk, — Whether  carbon  di<.xi«lo  or  CO3"  ions  have  any  special 
action  on  cell  processes  apart  from  that  of  tlio  hytliugen  ion  also  present  in 
solutions  of  carbon  dioxide,  is  doubtful.  Tt  is  held  by  some,  for  example,  L;uiueur 
and  Verzar  (1912),  that  carbon  dioxide  as  such  has  an  exciting  elTect  on  the 
respiratory  centre,  bnt  the  experiments  are  not  convincing  (see  Chapter  XXI  ). 
Rona  (1912)  stated  that  it  has  a  similar  one  on  the  movements  of  tlie  intestine. 
The  addition  of  sodium  bicarbonate  to  a  saline  solution  containing  neither 
bicarbonate  nor  phosphate,  caused  the  movements  of  an  excised  int4?stine  to 
change  from  an  irregular  chariicter  to  a  perfectly  regular  one.  Thi:*  wa.'i 
appiirenti/  not  due  to  diminution  in  hydrogen  ion  concentration,  since  the 
addition  df  bicarbonate  bad  the  same  effect  if  its  solution  were  previously  brought 
to  tlu;  siima  hydrogen  ion  concentration  an  the  solution  to  which  it  was  addetl. 
Also  the  production,  by  sodium  hydroxide,  of  the  same  de-j^n-p  of  alkalini^  as 
that  eaused  by  the  bicarbonate,  with  glycine  as  "bufter,"  haci  no  cileet. 

Jacobs  (1920)  contirmtt  the  greater  effect  of  solutionu  containing  carbon 
dioxide  than  those  of  other  acids  6i  an  equal  H'  ion  concentration.  The  interesting 
suggestion  is  made  that,  since  the  cell  membrane  must  be  permeable  to  carbon 
dioxifle  in  solution,  although  not  to  the  II"  ion,  the  former  is  allowed  to  enter  tbe 
cell  a.s  COg  and,  l>ee<)miiig  electrolytically  diasociated,  after  reat:tion  with  water, 
H'  ions  are  produced  in  eifectivo  contact  with  cell  structures,  whereas  acids  in 
general  do  not  enter  the  cell  until  they  have  damaged  the  cell  membrane. 

SALTS  OF  WBAK  ACIDS  WITH  WEAK  BASES 

When  a  strong  acid  is  added  to  a  strong  base  in  dilute  solution,  there  is  a 
considerable  fall  in  the  electrical  conductivity  of  the  mixture  as  compared  with  the 
sum  of  those  of  the  two  reagents  separately.   Since  the  salt  forme<]  is  dissociated 

to  as  r'reat  a  deqi'ee       the  acid  or  base,  the  diminution  must  bo  dvte  to  the 

<ii.sappe4irance  of  the  fa.st  niovini;  ions  H*  and  OH'. 

i'Vir  example,  the  conductivity  of  a  O-Oo  iiiular  hydrochlorio  acid  at  21*8'"  iB  17,945  reciprocal 
megoliniH  :  tnat  of  a  similar  cxincentratiun  uf  sodium  hydroxide  is  9,000  reeiprocal  megohnu ; 

togetli»-r  27,640,  wht-nais  Oi)o  molar  sodiiiiii  chloride  ia  only  4,t>*ir».  In  the  suhilioa  <.f  tlu*  salt 
there  iitv,  |Hir  lit)  litres.  1  molecule  of  CI'  uiim  ami  1  nioletiult'  ol  Na"  ions,  totjether  2  muleuulet* 
very  nearly  ;  in  20  lit  n  s  of  hydrochloric  aeid,  1  inolcviile  of  II-  ions  and  1  molecule  of  01'  iom: 
in  "20  litren  of  Rodium  li\ ilrnxidc,  I  iri<ilt'«ul<-  Na'  in  ami  1  molecule  OH'  ions;  so  tliat.  if 
unoombined  when  mixed,  tht^rc  would  in  all  4  ai'^tt'oiit's.  JUit,  even  if  we  double  tho  value 
of  the  conductivity  of  the  Hodium  chloride  Holution  to  allow  fur  this,  wo  only  have  9,900, 
iiistciid  of  '27.'i4fi.  It  ia  evident  tliat  the  diminution  is  onl}-  i»\rtially  diu-  to  the  <li>ap{ieanim'e 
ot  11  auil  OH'  iuMit  in  comhination  aa  water,  but  that  the  slower  rate  of  mignition  of  the  Na* 
sad  (X' ions  alto  |day«  a  part 

Again,  if  we  neutralise  a  weak  base,  such  as  anilinQ,  with  a  strong  acid,  we 
get  a  diminution  of  oonduotivity,  or  if  a  weak  acid  is  neutralised  with  a  atroni; 

base. 

On  tho  other  hand,  if  wo  take  a  weak  base  and  a  weak  acid,  the  conductivitv 
of  the  salt  is  higher  than  the  sum  of  thoee  of  the  base  and  aciil  together.  This 
is  because  the  salt  is  more  highly  dissociated,  electrolytically,  than  either  the  base 
or  the  acid,  so  that  there  is  an  actual  increase  in  the  number  of  ions  present. 
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It  is  not  easy  t/)  see  why,  to  tako  a  specifi<i  case,  the  compound  of  the  iicotic  anion  with 
kfdro|pn  ion  is  very  little  diwooiated,  whereaa  when  it  is  combined  with  tho  cation  uf  aniline 
uwe  It  oonsiderabto  dissociation. 

The  &ct  is  probably  of  some  importanoe  in  physiological  processes.  The 
oi|^ie  acids  and  bases  prodaoed  in  cell  metabolism  are  for  the  most  part  of 

the  weak  clasH,  that  is,  very  little  electrolytically  dissoeiated  ;  when  tbej  oombinfl^ 

the  srtlt  is  highly  rliss(X'iate<l,  so  that  a  niiml^er  of  if)na  make  tlifir  appearance. 
So  f.tr,  then,  as  the  yimperties  of  a  substance  are  those  of  its  ions,  tlio  sails  of 
weak  acids  with  weak  bases  are  more  powerful  agents  than  the  substances  from 
vhieb  thej  are  formed. 

Tbere  ai«  two  practical  points  of  interest  in  oonneetion  with  this  question. 

In  the  first  place,  the  fact  jjives  us  a  very  convenient  means  of  following  the 
course  of  a  ti  yptic  rlitjestioii.  Tlie  weak  amino  aci» Is  y>nMluced,  when  they  eombine 
with  the  atninonia  used  to  ^'ive  the  reciiiisite  dei^ree  t»f  alkalinity,  or  with  diamino- 
acids,  acting  as  I>a8e8,  give  rise  to  a  c()iisi(l«'ral)le  increase  in  conductivity. 

TbeiHjuductivity  of  leucine  in  O  Oo  molar  strength  at  22"  is  only  about  3  reciprocal  megohms, 
that  of  ammonium  hydroxide  in  the  same  conditions  is  232  rtKiiprucal  megohniB,  together  235. 
When  niixttl.  the  salt  formed  is  fairly  hit,'lily  <!isso<  iiit<-d  and  the  solution  lias  n  roiMluetivity 
of  l,.>4!b;  rtif;i(ir«jcal  megohms.  This  may  he  c^miiKirud  with  aniline  acetate;  umhne  in  0*03 
luobt  «>lutiuo  has  a  value  of  13,  acetic  acid  in  tae  same  oooceDtration  is  3S0,  together  MS; 
while  aniline  acetat«,  0  05  molar,  is  1,518. 

In  thf  seeonfl  plaee,  we  obtain  some  information  as  to  thr  rf  !;itive  strenc:ths 
of  an  acid  and  a  luise.  Att  acid  which  is  weak  towards  a  btruujj;  base  may  be 
reUtivelv  strong  towaids  a  weaker  hase. 

For  example,  salicylic  acid,  uhich  a  dissociation  constant  of  102  x  10  ^  when  combined 
with  ammoaiiini  hydroxide,  gives  an  incretvie  of  conductivity,  that  is,  it  is  a  weak  acid  towards 
the  b«B«vamnif>niuni  hyilmxido  ;  when  combined  with  aniline,  on  the  other  haiul,  there  is  &  fall 
io  oiMidut  liviLy,  that  is,  it  is  a  relatively  strong  acid  towards  the  very  weak  base,  aniline. 
Maleic  acid  (dissociation  constant  =  1170  x  10~')  is  a  strong  acid  to  both  bases  and  acetic  acid 
(dissociation  constant  =  1*8  x  1(^  *)  is  weak  to  both  bases.  The  mono  amino-monocarboxylic 
acids  are  too  weak  as  Imusvs  to  condtino  with  acids  as  weak  as  oootir  acid.  On  the  otiier  hand 
the  dlamino<iiiGWM>-carlKixylio  acids  are  sufficiently  strong  as  Ixist  n  to  (  Minljine  with  acids  as 
■tnng  as  the  mono-amino  dicorbozvlio  acids.  For  example,  I  found  that  diomino-pmpionio 
vaA,  017  molar,  hail,  at  40",  a  conmictivity  of  1,672  redproo^  megohms,  glutamic  acid,  0*095 
molar,  had  a  conductivity  of  050  on  the  same  scale,  together  2,6*22  ;  a  solution  containing  both 
in  the  same  concentration  as  before  ha^I  a  conductivity  of  5,142  reciprooat  megphma,  showing 
that  combination  had  taken  place  (Bayliss,  liK)9,  2). 

It  \*  to  be  noterl  that  the  use  of  tho  w«rds  "  weak  "  and  "  strong  "  in  the  al>ove  connection 
it  to  be  taken  only  as  referring  to  their  relative  power  of  oonibiiiing  with  weak  acids  or  baaes 
fcapeetivdy.  It  doee  not  ocmllict  with  the  expression  as  used  in  raereooe  to  the  electrolytic 
dLwieiation  <  >f  I  heir  aolntioiMi  whioh  IB  ao  ahsotnte  meBsacenienl  of  their  strength  as  oomparad 
with  ooe  another. 

AMPHOTERIC  ELEOTBOLYTES 

There  is  an  imporUiat  i:\ii>.^  of  substances,  already  referred  to  inoidentaliy  in 
eonncctiofi  with  the  colloidal  properties  of  proteins,  which  can  act  either  as  acids 
Of  bases ;  that  is,  they  dissociate  with  the  formation  of  H*  and  OH'  ions.  We 

havf«  geen  that  water  is  a  member  of  this  class  and  we  have  now  to  turn  our 
attention  t<»  a  very  important  series  of  substances,  the  amino  acids.  These  owe 
their  nature  as  Ixith  liases  and  acids  to  the  fact  that  they  contain  one  or  more 
NUj  groups,  to<i;ether  with  one  or  more  CXX)H  groups. 

A&iino«cetic  acid  or  glycine  may  exist  in  the  hydrolysed  state  in  water  as 

GH,— NH,OH 

I 

For  eonveiiicnce,  we  may  call  the  radical  which  in  combined  with  11  and  OH,  R, 


(!jOO- 


b  the  ease  ol  glycine.  Then,  aooording  to  the  ioTestigations  of  Bredig  ( 1 809)  and 
«f  J.  Walker  (1904),  the  solntiott  contains  the  following  molecules  and  ions : — 

H%  OH',  HR%  ROH',  HBOH,  and  R. 
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Wlifther  V-  i?  to  he  looked  upon  a-*  an  inii  \\-\\]\  lu  th  a  HMJlliVQ  ftnd  a  positive  charge  i- 
doubtfui.    It  HO,  it  in  formed  by  giving  uU  Ixiih  ii*  aitd  OH' tons  Hid  woukl  be  repreaeated 

in  the  case  of  glycine  and  ifl  sonietinieH  known  a8  a  "  hermaphrodite  "  ion.  In  Brediir'H  schemei 
however,  it  ia  repraeentedaa  devoid  of  charge'^  and  is  probably,  in  fact,  an  internal  aooydindB:— 

CH^NH, 

At  such,  we  must  siippn^o  thr\t  the  two  gntu[»s  cnniMiUHl  have  nppofiitc  charges,  eo  that  if 
not  imuufisihle  that  they  might  exiAt  a8  Ruch  on  a  Mingle  ion.  An  iutenieting  suggestion 
is  rnnde  by  Bredig  (iHtU,  p..  KS.*)),  aa  to  the  lengUi  of  the  chaina  which  can  exist  withoot 
aelf-iicutialisjitinn.  If  .i  suthcieiitly  long  chiiin  enu!<I  Iw  fornu-d,  h.iviri^  np|»(xsitc  oharg«-s 
at  the  t-ii'lM,  it  kIiouUI  lie  {KJttsihle  by  optical  means  t4j  detect  au  orientation  to  an  electriuoal 
current  ]>iu»ed  through  the  aolntion.  Bredig,  hinaelf,  was  unable  to  detect  any  sign  ol 
this  in  the  eiw<'  of  li<  l/iiii*'. 

It  is  unneeCHtuiiy  U>  remark  thai  au  iun  with  two  opposite  charges  moves  to  neither 
electrode,  being  e<|ually  attracted  to  lioth,  so  tiukt  it  can  take  no  part  in  the  cnadacCka 
of  a  current.  In  this  aapect»  it  is  not»  in  any  caw,  entitled  to  the  name  of  an  km, 
in  Karailay'H  aenitc. 

As  we  seen  nl>ove  (page  lOS),  then*  is  no  evidence  that  an  aniillo*aeid  Oan  eonihiite  with 
the  poHitive  and  negative  iooa  of  a  neutral  salt  aimullaneooaly.   A    benttaphrodite  "  mo 

should  he  able  to  do  this. 

Tiie  various  ions  enunieratod  above  as  present  in  solutions  of  the  aiiauo-acuis 
exbt  in  yery  amall  concentratioiis,  ao  that  tlieir  electrical  oonductiTily  la  veiy  low, 
efipectally  in  the  case  of  the  mono^tmino-monocarboxylic  series.  Hie  addic  and 
basic  groups  are  mutually  antagonistic,  so  that  both  dissociation  constants  an 
VBry  Hiu.iII.  Thf*  jnono-aniino  inonoear^Kixylic  acids  are  very  weak  iTuh»prl,  !»oth  as 
acids  and  as  bjisttn.  The  ciirboxyl  gnmp  is  a  little  stronger  as  acid  than  the  NH^ 
group  is  as  base,  so  that  the  acid  properties  very  slightly  preponderate. 

When  we  have  another  OOOH  or  another  ^THj  group  added  on,  as  in  aspartic 
acid  or  lysine  respectively,  the  acidic  function  is  oonsiderahly  increased  in  the  first 
case  and  the  basic  function  in  the  second. 

From  Wiiikelhlech's  inve«;1  illations  (1901)  it  im  interostiiic:  to  note  that,  when  the  ntrength 
of  tlie  acid  ^roii|i  conHidcralily  exceedH  that  of  the  basic  one,  as  in  luiinnc  (iuuuH>-ethyl- 
sulphonic  acirl),  aalts  are  formed  only  with  l)a»eH,  not  even  with  ocid:^  as  .stnii^aa  hydrochloric 
acid.  (Jonversely,  if  the  basic  group  is  eonsitlerdhly  stronger  than  the  acid  one,  as  in  tietaine 
(tri- methyl -glycine),  then  salts  are  formed  only  with  acids.  It  is  also  somewhat  unexpect«4d  to 
find  that,  comparing  glycine,  alanine,  leucine,  sarcosine  and  l)etaino,  the  stronger  acid  is  at 
the  s<ime  time  the  stronger  base,  but  the  fact  appears  to  hold  only  for  the  mono-amiao-mfliio- 
carboxylic  seriea. 

As  to  the  methods  of  dett^rmining  the  two  disswiuLiou  constants,  ono  of  th«^s<'  is 
that  of  conductivity  measurements  of  their  salts  with  hydrochloric  acid  and  with 
sodium  hydroxide,  and  anothw  is  that  of  hydrolytic  diModation.  The  pa|)ers  by 
Lnnd^n  (1908)  and  by  Winkelblech  (1901)  may  be  consulted. 

T  insert  here  tln^  valncs  of  the  dissociation  constants  of  a  few  amphoteric 
electrolytes,  at  25*,  taken  from  Lunden's  work  (190b,  p.  81). 


Acidic. 

Basic 

Leucine 

Arseiiious  acid  

Histidine  

Aspartic  add  • 

llxlQW 
l-Sxlfh"  (at  40") 
1-8  X  in  10 
liixio-i*' 
lilxlO-" 

ia6xio-» 
aijxio-* 

40x  10  • 
liixlO-* 
1-9x10-* 

4  -8  X  10-"  (at40  ) 
4-8^  10-W(at4(n 

?  :\    III  '- 

2  7  X  Atr  »- 
5-1 X  ID-w 

l-OxlO" 
1-63x10^" 

anxio-w 

2«xl0-»» 
l^xIO-" 
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Witli  regard  to  pn>teins,  we  have  swi?  iit  deiiliiig  with  them  from  the  colloidal 
pinnt  of  view  how  the  eflTect  of  acui  .in  !  alkali  on  the  sign  of  their  electrical 
diarges  is  explained  by  their  nature  as  aiupholeric  electrolytes.  A  further  proof 
cf  Uits  faet  is  afforded  by  the  measurementa  of  the  freezing  points  of  their  salts 
with  acid  and  alkali,  as  obtained  by  Bugarasky  and  Idebermann  (1898,  p.  72). 
In  the.  table  below,  the  fint  oolumn  gives  tho  ruitnber  of  grams  of  egg  albumin 
added  to  100  c.r.  of  the  acid,  bas«,  or  salt  in  000  nmlar  concent  rat  ion,  and  the  tlitec 
remaiouig  columns  give  the  depressions  of  the  freezing  point  in  each  of  these  cases. 


Grams. 

A  forHCL 

for  NaOU. 

lor  NaGl 

0 

0-186 

0181 

0183 

0-8 

0I?2 

O-lfi'2 

0-191 

I« 

0-146 

0151 

0194 

3-2 

0101 

01 16 

0-199 

«-4 

0-087 

0-097 

0-203 

It  will  he  soen  that  there  is  a  cDnnidorable  diminutiun  of  ^  in  the  cases 
of  acid  ajni  l>ayt*,  due  to  fonnation  of  jialUj  with  the  protein.  In  the  case  of  the 
Deatral  salt  there  is  no  such  elFect.  The  contrary  eJTect,  a  rise  of  A  with  tlie 
aodiom  eUoride,  is,  in  fact,  due  to  the  albumin  itself,  since  6*4  it<  of  the 
protein  in  100  c.c.  of  water  gave  a  freezing  point  depression  of  0  022  ;  this,  added 
to  0*183,  gives  0*205,  as  in  the  table,  withm  the  limits  of  experimental  error. 

ACTION  OF  ELEOTBOLYTEa  IN  EXTREME  DILUTIONS 

The  powerful  e£kct  of  hydrogen  and  hfdrox^  ions  in  traces  hss  been 
-  xemplified  in  the  case  of  the  heart.   Further  instances  will  occur  in  the  coarse 

of  thiH  bfH>k. 

On<-  or  two  striking  cases  of  the  action  of  inorganic  salts  in  minute  quantities 
UiAy  be  referred  to  here. 

Elissafoff  (1912)  showed  that  the  effi»et  of  the  quadrivalent  tkatium  ion  on 
the  surCace  charge  of  quarts  was  such  as  to  lower  it  by  60  per  cent.,  when  the 
•olution  contained  only  one  gram-ion  in  a  thousand  million  grams  of  water. 

The  extraordinary  efTect  of  zinc  in  traces  on  the  growth  of  moulds  was 
discovered  >»v  Raulin  (1S70,  1  and  2),  as  also  that  of  manganese.  This  observer 
was  doubtful  wliether  the  eft'ect  of  manganese  salts  was  not  due  to  traces  of  zinc, 
and  the  matter  was  further  worked  out  by  Bertrand  and  Javillier  (1912).  They 
fnmd  that  nuungaiiese  itself  actually  has  an  effect  of  tlus  kind.  One  part  of 
manganese  in  one  million  of  ihv  culture  solution  raises  the  crop  of  Aspei-gillus 
frnm  0'610  t<»  o  n.'^l  and  the  elVcct  continues  to  increase  even  up  to  one  part  in 
100.  In  furtiier  work  it  was  found  that  tlio  combination  of  zinc  with  manganese 
vsa  more  effective  than  either  alona    To  take  an  example  : — 

Weight  of  Crop. 
Control     .....  1-45 

With  Zn,  1:500,000         -  -  -  4  10 

With  Mn,  1  : 5,000-  -  .    "      .  2  rn 

With  both  together         •         -         >         4  35 

The  data  also  show  the  really  astonishing  effect  of  zinc  alone.  In  another 
^xp«^riineiit,  indcinl,  we  find  that  (he  addition  of  one  pjirt  of  zinc  to  twenty  fne 
millions  <»f  solution  incix^ases  the  vmp  fntni  M  OO  to  1-54,  that  is,  by  more  than 
50  per  cent.,  and  one  part  in  ten  millions  iieiirly  doubles  it. 

The  autJbors  point  out  how  important  is  this  function  of  elements  present  only 
m  tfaees ;  they  r^ard  it  as  being  of  a  catalytic  nature.  We  shall  have  occasion 
Uter  to  retom  to  the  queation  of  the  effect  of  substances,  not  only  inorganic  ones, 
which,  although  present  only  in  infinitesimal  amount,  are,  as  it  seems,  absolutely 
ifidupensablc  to  the  normal  luncUonal  capacity  of  pi-utopUsro. 
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From  t  he  w  ork  of  Haul  in  it  jip[»»»firiHl  also  that  iron  in  trm^es  lunl  a  great  eflfect 
OQ  the  noriiiul  pruductiuii  of  Uic  frucliiicatiou  (conidiu)  of  tlio  mould.  Bertruid 
(1912),  having  been  able  to  prepare  eolntiotu  in  a  great  stote  of  purity,  foand  that, 
although  iron  and  zinc  might  both  be  preeent,  there  were  no  conidia,  formed  unkat 
manganese  was  also  present.  Tf  any  one  of  these  tlircc  elenienta  is  wanting,  or 
present  in  too  small  a  quantity,  complete  normal  i^rowth  is  impossiblp.  But 
whereas  vigorous  growth  of  mycelium  takes  place  with  iron  and  ztnc  aloue,  no 
oonidia  are  formed  in  the  absence  of  manganese. 

OLIGODYNAMIC  ACTION 

The  opptKsite  phenomenon  to  the  favourable  action  by  tr;u'es  nf  /ino  on 
Aspergillus  are  to  bo  found  in  the  toxic  action  of  certain  metals,  especially  cupper, 
more  particularly  to  the  higher  organisms.  * 

In  a  pOBthumoiifl  paper  by  Nageli  (1893),  some  very  important  results  are 
described  in  relation  to  this  question.  It  wag  nol^ced  that  ordinary  distilled 
wat^T  waf?  nipidly  fatal  tn  Spiroijyra,  just  as  Ringer  and  Pbear  at  a  later  diite 
(lb95)  found  that  it  was  to  tadpoles. 

NUgeli  discovered  that  tiie  toxic  action  was  due  to  the  presence  of  minute 
traoee  of  compounds  of  various  heavy  metals  in  the  water.  Tap  water,  which 
originally  did  not  show  this  property,  became  poisonous  after  being  in  contact 
with  metallic  copper,  mercury,  lead,  tin,  iron,  or  silver.  It  was  also  found  that 
the  addition  of  various  insoluhl^'  solids,  sneh  aR  paper,  wool,  paraffin,  or  of  t^rtain 
colloids,  such  as  gum  or  gelatine,  deprived  the  \vat<>r  so  treateti  of  \\%  toxic 
character.  From  what  has  been  said  in  previous  chapters  of  this  book,  when 
dealing  with  the  colloidal  state  and  the  phenomena  of  adsorption,  the  explanatimi 
of  thu  neuti  alising  power  of  surfacee  will  be  obvious.  The  toxic  metal  is  present 
either  as  hydroxide  or  carbonate  in  the  colloidal  state  ;  this,  as  an  electro  positive 
colloid,  will  be  strongly  adsorbed  by  electro-negative  surfaces,  such  as  time  used 
by  Nageli.  The  fact  noticed  by  Ringer  (1886,  p.  292)  that  calcium  piu>±>piiate  is 
more  effective  in  neutralising  the  toxic  properliM  of  distilled  water  than  caleiom 
chloride  Is,  is  easily  explain^  hj  the  greater  precipitating  action  of  the  trivalent 
¥0/^  ion  on  an  electro  positive  colloid  than  that  of  the  univalent  01'  ion. 

Niigeli  estinmted  the  amount  <if  --opper  present  in  12  litres  of  distilled  water, 
which  had  been  for  four  days  m  contact  with  12  two-pfennig  pieces.  It 
contained  one  part  in  .seventy-seven  milli(»us.  Tliis  water  was  powerfully  toxic  to 
Spirogyra,  killing  it  in  <me  minute.  On  account  of  ,tiie  veiy  small  quantity  of 
copper  in  the  water,  NUgeli  gave  the  name  of  tlU/^od^iMimna^  to  .the  action  ia 
question. 

Lock(!  (1895),  in  repeating  these  experiments,  found  thnt,  of  the  various 
metals  tested,  copi>er  was  by  far  the  most  toxic,  A  stri{»  ot  bright  copper,  4  5 
by  I  "5  cm.  in  dimensions,  placed  for  twenty  hours  in  200  c  c  of  distilled 
water,  made  the  water  toxic  to  tadpoles  and  to  &e  fiv«r  worn,  Tnbifex.  Btaas 
had  tlie  same  effect  as  copper,  but  sine,  although  toxic,  was  not  so  powerfolly 
active,  wliile  tin  appwiml  to  be  innocuous. 

Il4iulin,  in  the  course  of  the  work  referred  to  in  the  preeedinc^  section,  had  also 
noticed  that  one  part  of  silver  nitrate  in  l,600,tX>U  of  the  culture  medium  was 
sufficient  to  prevent  germination  of  the  spores  of  Aspergillus;  in  fact,  if  the 
medium  is  contained  in  a  silver  vessel,  sufficient  metal  ia  dissolved  to  prevent 
growth  therein* 

Ringer  and  Phear  did  not  attribute  the  toxic  Jiction  of  their  <listilled  water  t<> 
"oUsodynaniic  action,"  but  Jvocke,  in  the  paper  quoted  alM>vo,  showed  clearly  that 
the  explanation  lay  in  this  fact,  since  distilled  water  condensed  in  giabii  liad  no 
injurious  action. 

It  has  been  found  that  certain  bright  metals  pass  readily  into  the  colloidal 
state  when  placed  in  contact  with  pure  distilled  water  (see  Traube-Mengarini 
and  Seala,  1912).  Thus  lead,  zinc,  iron,  tin,  ahiininium,  copper,  and  nickel  fomi, 
in  this  way,  c«»liuidal  bt>lutiun.s  in  which  tliu  disjH'rsod  phase  is,  at  hrst^  in  the 
metallic  sUite,  but  subsequently  becomes  hydroxide. 
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SUMMARY 

There  is  a  group  of  suhitotioeSy  which,  invesUgated  in  various  methodic  are 
foaiMl  to  show,  in  soluUon  in  wator,  a  higher  osmotic  pressure  than  that 

correspooding  to  their  in<»Iar  concentration.  All  theee  HulKitances  are  found 
tol)e  condn*  t<»is  of  olcetrical  cunente,  that  is,  they  are  electrolytes,  to  use  the 
uacoe  introduced  by  Faraday. 

It  is  clear,  therefore,  that  the  molecules  of  electrolytes  are  split  up,  dissociated, 
in  solution  in  water,  no  that  there  ai-e  more  osniotically-active  eleuuTits  in  their 
iwlutions  than  in  those  of  non-electrolytcs  in  the  same  molar  concentration. 

Since  electrolytes  conduct  electricity  by  means  of  tlieir  "  ions,"  which  appear 
at  the  two  electrodes  (Faraday),  the  view  wan  put  forward  by  Arrhrains  that 
these  ions  exist  in  solutions  of  electrolytes  in  ordinaiy  conditions,  independently 
of  electrical  currents. 

Evidence  of  various  kinds  lias  been  brought  to  show  that  this  is  the  case. 
Hydroeliloric  acid,  for  example,  is  more  or  rornj>!ptely  split  up  into  hydrogen 
ioD-s,  eavh  carrying  a  unit  positive  cliarj^e,  and  cliioiine  ions,  each  carrying  a 
unit  no^ativo  charge.    Tliis     known  a.s  "  electrolytic  dissociation." 

The  more  dilute  the  solution,  the  more  complete  is  the  dissociation. 

The  power  of  conducting  a  current  dejx'ii'ls  ^x'tli  <>ii  tlie  actual  nuiiilwr  of 
iu»us  viiuagcd  in  the  carriage  of  the  cliar;^es  and  also  on  the  rate  at  which 
they  wove.  Tlie  rate  has  considerably  dilferent  values  for  different  ions  and  is  in 
rdstaon  not  only  to  the  atomic  or  molecular  weight  of  the  ion,,  but  to  the 
uunberof  molecules  of  water  which  are  attached  to  it  (Hydration  of  Ions).  The 
value  is  constant  for  each  i<iii  under  similar  couditiitii.s.  The  absoliilv!  rate  of 
movement  is  slow.  Hydrogen  ions,  the  most  rapid,  have  a  Nclot  ity,  under  a 
potential  fall  of  one  volt  per  centimetre,  of  only  0  0033  cm.  per  second;  but 
the  rste  is,  of  course,  dejiendent  on  the  force  producinsf  the  motion. 

The  reason  why  it  is  im[)Of5sibic  to  separate  the  opjio.sitely  charged  ions  by 
diBosioD,  or  other  m^ns  except  an  electrical  one,  is  the  enormous  electrostatic 
attraction  between  tiiem,  which  prevents  a  positive  ion  fxum  being  separated 
fram  its  fellow  nepitive  one  hevona  inBnitesimal  distances. 

yt^t  however,  one  of  the  ions  moves  faster  than  the  oppositely  charged  one, 
it  don  actually  form  a  layer  in  front  of  that  of  the  more  slowly  moving  ions,  at 
a  very  minute  distance.  This  phenomenon  is  known  as  the  "Helmholtz  double- 
fayf-r"  and  is  the  f.niHc  of  the  appearance  of  an  electromotive  force  at  the 
kiottiHlary  surface  belw-ci'ii  solutions  containing  ions  of  differing  mobility. 

The  w>urce  of  the  energy  re«jnired  to  dissociate  the  molecules  of  elerin >lvtes 
when  dii».sulvcd  in  water  is  discussed  in  the  text,  as  also  the  relation  ot  the 
process  to  the  fli<»lectric  constant  of  the  solvent. 

While  tlie  cquilibnum  between  non-diss«K'iated  niolecultJH  anil  ions  in  the  c^i-scs 
of  weak  acids  and  bases  obeys  the  law  of  mass  action,  as  nhown  by  their  behaviour 
on  dilution  (Ostwald's  Dilution  Iaw),  that  of  strong  acids,  strong  bases  and  salts 
obesrs  a  diflbrent  law.  The  explanation  of  this  fact  has  not  yet  been  given.  It 
his  U-en  suggested  by  Noyes  and  his  co-workers  that  there  may  be  two  <Hrtrrent 
kinH«  of  roTobination  h<»twecn  ions  to  form  molertiK's,  one  rather  of  nn  e]<'<  f  riciil 
nature  and  somewhat  loo^e,  the  other  more  stnctiy  chemical  and  mor^  stable. 
The  former  would  be  the  case  with  the  strong  electrolytes. 

Ill  their  intc^rventiou  in  physiological  processt^s,  electrolytes  may  be  said  Jict 
mainly  in  three  ways.  By  the  electrical  charges  on  their  i<m8,  as  <in  colloidal 
fiwnoiBcua ;  by  their  effect  on  the  properties  of  the  solvent,  "lyotropic"  action; 
and  hy  the  potely  diemieal  properties  oi  their  ions  or  molecules. 

The  important  part  played  by  acidity  and  alkalinity  shows  the  value  of  the 
electrolytic  dissociatidA  theory  in  an  especially  striking  way.  These  pro(>erties  of 
wtations  can  be  eaipressed  by  the  numerical  values  of  their  concentration  in 
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hydrogen  or  hydroxyl  ions.    A  weak  ackl  or  a  low  degree  of  acidity  is  aoch  because 

there  are  relatively  few  hy<lrn<;eri  io^is  present. 

Tlic  different  degret^a  of  dissociation  ennl>le  us  to  cxpreiwi  tin;  stnM!t,'tli  of  at'ids 
or  bajies,  with  tlio  exception  of  those  whicli  do  not  obey  the  law  of  iiiaxs  action. 
In  nvmerioal  quantities,  known  as  tiidr  "dissociation  constants"  or  ''affinity 
constants." 

To  understand  the  meaning  of  thes^  a  brief  account  of  the  law  of  mass  actiofi 

is  intrtKlueed.    Thin  law  sUites  that  the  rate  of  any  reaction  is  pn>portiunal  U>  the 

mnisi's  of  the  reactini;  substances.    Tlie  nioaninur  of     velocity  constant and  of 
o<]iniibi iuui  ix>nbiaut, '  ati  the  ratio  of  tlie  two  velocity  constants  of  the  two 
opposite  reactions  in  a  reversible  system,  is  explained. 

The  ''dissociation  constant"  is  the  equilibrium  constant  of  the  rev(>rsible 
reaction  of  electrolytic  dissociation.  Since  it  presupposes  that  the  law  of  mass 
actiofi  is  foUowed,  it  can  only  be  given  in  the  case  of  weak  electrolytes. 

Instances  of  the  activity  of  hydro^n  and  hydroxyl  ions  in  cell  processes  are 
given ;  such  are  the  action  of  enaymee,  the  character  of  the  heart  beat»  and  so  on. 

Hence  accurate  methods  of  determining  the  hydrogen  ion  concentration  are 
indispensable.  The  methods  of  the  use  of  indicators,  the  gas  electrode  and  the 
hydrolysis  of  esters  or  cane-sugar  are  described. 

In  connection  with  the  hydrogra  electro<]o,  the  theory  of  electrode  potentials  is 
discussed  and  the  precautions  necessary  in  the  use  of  the  method  with  blood  are 
pointed  out.  , 

In  the  use  of  the  motbod  of  hydrolysis  of  esters,  etc.,  the  peculiar  effect 
of  neutral  sait8  m  iticrcitsing  the  hydrolytic  action  of  a  given  concentration  ol 
strong  acid  has  to  l>e  takon  into  account. 

The  ]K)wi>?ful  effect  of  ehangeii  in  hydrogen  ion  concentration  on  physiological 
processes  rc(^uires  the  existence  of  mechaaisms  for  the  prevention  of  any  consider- 
able changes  of  this  kind. 

Tliero  are  two  chief  chemical  systems  in  which  the  reactions  occurring 
on  the  addition  of  acid  or  alkali  are  of  such  a  nature  as  to  require  the  addition 
<oi  comparatively  large  amounts  of  acid  or  alkali  iti  order  to  produce  any 
niarke<J  change  in  the  hydrogen  ion  concentration.  These  systems  are  thie 
bicarbonate-carbon-dioxide  system  and  that  of  the  acid  and  alkaline  phos«v 
phates.  The  former  is  the  more  widely  occurring  one,  although  the  phosphate 
system  is  also  of  importance  in  protoplasmic  reaetions.  Proteins  appear  only 
to  play  a  part  when  the  H*  ion  concentration  is  higher  than  IOt*  or  lower 
than  lO'W. 

In  the  reactions  referred  to  in  the  previous  paragraph,  the  phenomena  known  - 

as  ** hydrolytic  dissociation"  play  an  important  part.  This  process  is  shown  to 
o<'rur  by  the  presence  of  free  arid  and  frf^  base  in  solutions  in  water  of  salts  of 
weak  acids  or  ba.ses.  It  i.s  duo  to  two  facts;  the  tirst  i.s  that  water  itself  is  a 
very  weak  electrolyte,  being  to  a  minute  extent  electrolyticaliy  dissociated  into 
hydrogen  and  hydroxyl  ions;  the  second  is  the  slight  electrolytic  diasociatioD 
of  weak  acids  and  weak  bases.  By  interaction  of  the  four  ions  thus  present^ 
then'  is  an  exeess  of  hydroxyl  ions  when  the  l>ji8e  is  the  stronu'cT  and  of  hydmi:en 
ions  when  the  acid  is  the  stronger.  A  very  sniall  degree  of  hydrolysis  of  the 
salts  of  many  organic  acids  with  strong  bases  is  frequently  to  be  met  with,  even  in 
cases  where  the  acid  would  be  expected  to  be  a  weak  one. 

Tn  the  bicarbtHiHlo  system,  the  escape  of  carlxin  (iioxiile  as  ga.s,  when  the 
hydrogen  ion  concentration  of  the  system  liscs,  is  an  important  factor  in  the 
maintenance  of  neutrality.  Numerical  results  are  givMi  in  the  toxt,  showing 
the  efficiency  of  the  system  at  hydrogen  ion  concentrations  not  very  far  above 
or  below  that  of  neutrality. 

Ciarbon  dioxide  possesses  powers     neutralising  alkali  of  a  degree  not  shared 
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by  any  oUier  acid,  except  hydrogeu  sulphide,  a  fact  which  is  .significant  in  view 
of  its  aniversal  production  as  the  result  of  oxidations  in  the  organism. 

The  effect  of  riae  of  tooiperatui-e  on  the  bicarbonate  system  is  to  increase  the 
•IkUiaitgr,  on  aooonnt  of  the  greater  temperature  coelficieiit  of  electrolytic 
diHodatum  of  water  than  of  sodinm  bicarhonate. 

The  hydrogen  ion  oonoentration  of  blood  at  38*  is  0*4  x  10'^  and  the  hydrozyl 

ioQ  concentration  is  7*2  x  lO'*^  molar  ;  that  is,  it  is  just  on  the  alkaline  aide  of 

npotrsHtr.  This  ooncont ration  of  hydrogen  ions  reacts  alkaline  to  methyl  orange 
or  litmus,  acid  to  pheuolphthaiein  j  the  colour  of  neutral  red  in  such  a  solution 

ii>  urange. 

The  method  of  preparing  solutions  of  known  concentrations  in  hydrogen  ions 
bf  tiie  use  of  phosphate  mi^dbares  is  described  in  the  text. 

The  experiments  of  Kinger  on  the  heart  of  the  frog  have  shown  that,  for  an 
tflideat  aitificial  saline  solution  to  r^laoe  blood,  it  is  not  sufficient  to  take  sodium 
chloride  alone  in  isotonic  concentration,  but  that  the  presence  of  potassium  and 
raldnm  salts  is  indispensable  in  addition.   In  this  action,  it  is  the  cation  that 

is  the  necessary  part  of  the  salt. 

There  is  evidence  that  the  wult  composition  of  the  blood  phisma  of  higher 
vertebrates  is  a  relic  of  the  composition  of  the  ocean  in  pre-Caiabriau  ages.  At 
tbii  period,  the  blood  plasma  had  the  same  salt  content  as  the  sea  water,  and 
vim  the  ancestors  of  the  present  land  vertebrates  left  the  ocean  at  the  close 
d  the  Oambrian  epoch,  Uiey  carried  with  them  an  adaptation  to  this  particular 
concentratioa  of  salts. 

The  necessity  of  salts  having  "antagonistic"  action  towards  each  other's 
toxic  properties  applies  to  protoplasmic  action  in  general. 

A  number  of  examples  is  given  showini;  thf>  intervontion  of  electrolyte!?  in 
physiological  processes;  enzymes,  hiemogiobm,  ha^iuolysin,  secretion,  musouhir 
contraction,  pigment  cells,  coagulation  of  the  blood,  transmission  of  excitation 
from  nerve  to  musde  and  from  nerve  fibre  to  nerve  cell,  action  of  drugs, 
pbgo^tosia^  naioosts,  the  respiratory  centre,  are  referred  to  briefly. 

Hie  salts  of  weak  aoids  with  weak'  bases  have  an  importance  in  that  they 
&re  much  more  strongly  diasodated  electrolytically  than  either  the  free  acids 

or  the  free  leases  themselves. 

Amphoteric  electrolytes,  uf  which  proteins  and  amino  acids,  next  to  water 
it>rf'If.  are  the  most  important,  are  capable  of  forming  salts  with  either  acids 
or  bases,  proWded  that  these  are  fairly  strong.  There  is  no  ade<}uate  evidence 
fli  combination  with  neutral  salts. 

Theye  are  certain  heavy  metals  which  have  a  very  powerful  action  on  living 
eeUs,  even  whoi  in  extremely  minute  concentration.  Zinc  and  manganese  greatly 
favour  the  normal  growth  of  Aspergillus,  while  copper,  lead,  and  some  other 

metals  have  an  intensely  toxic  action  on  the  protoplasm  of  Spirogyra  and  animal 
cells.   This  latter  efiect  is  known  as  "  oligodynamic  "  action. 


LITERATURE 


EUUraiytic  Dissociation. 
Arrhenius  (1S87). 
II.*ber  (1911,  pp.  97-181). 

£iectrode  Potentials, 
Xerost  (188«). 

Pl^ffioiogictd  Action  of  Electrdytm, 
Ringer  (1880-1882).  . 


(1919). 


Nemst  (1911,  pp.  353-393> 
Bsoult  (1901). 


Bdeber  (1911,  pp.  385-481). 


8 


Digitized  by  Gc:» 


CHAPTEB  VIII  j 

WATER,  ITS  PROPERTIES  AND  FUNCTIONS  ! 

I 

TiiKiiK  is  no  doubt  that  if  water  wore  as  urK-oiniuon  a  liquid  as,  say,  amyi-alcohol  I 
or  tolueue,  it  would  be  looked  upon  as  endowed  with  the  most  wonderful  properties.  • 
Common  as  it  is,  andont  philosophers  like  Thales  regarded  it  as  the  origin  of  all  ' 
thiDgs,  and  the  development  of  scieneo  has  shown  how  important  it  is  in  all  the  i 
phenomena  witli  which  we  have  to  deal.    It  is  cliosen  to  fix  standards  of  density,  j 
of  heat  capacity  and  so  on  ;    most  of  the  reactions  with  which  chenustry  is 
concerned  take  place  in  aqueous  solutions.    The  action  of  water,  in  its  several  i 
forms  of  ice,  liquid  or  vapour,  is  the  chief  factor  in  geological  changes.  FSoally, 
all  phjrsiological  actions  have  their  seat  in  systems  containing  water  as  an  etientisl 
component.  j 
We  have  ah-eady  had  occasif)n  to  tak«  some  account  of  its  intervention  in  j 
protoplasmic  activity,  in  the  production  of  the  colloidal  state,  in  permeability  and 
osmotic  pressure,  ancl,  in  tiie  previous  chapter,  in  the  dissociation  of  electrolytes. 
We  turn  now  to  consider  its  various  physioU  and  chemical  properties  in  turn, 
together  with  their  importance  in  vital  processes.    For  many  points  to  which 
attention  is  directed,  T  may  acknowledge  my  indebtedness  to  the  third  chapter 
of  L.  J.  Henderson's  *^ Fitness  of  the  Environment"  (1913),  to  which  the  reader 
is  referred  for  more  details. 

HEAT  CAPACITY  ' 

Of  all  solids  and  liquids  under  ordinary  conditions  of  temperature  and  pressure, 
water  has  the  highest  heat  capacity,  or  specific  heat   In  other  words,  it  takes 

more  heat  to  raise  the  tempei-ature  of  a  given  mass  of  water  by  a  given  amount, 
than  it  does  in  the  case  of  any  other  of  these  substances.  Liquid  water  is  therefore 
clioseii  as  the  unit  of  specifif-  heat,  and  in  consequence  also  to  define  the  unit  nf 
quantity  of  heat.  The  small  calorie  is  that  amount  of  heat  inquired  to  raise  the 
temperature  of  one  gram  of  water  from  0*  to  1*  C. 

The  law  of  Duloni,'  and  Petit,  that  the  specific  heat  of  an  element  varies 
inversely  as  its  atomic  weight,  sliows  that  a  substance  have  a  high  heat 
capacity  must  consist  of  elements  whose  average  atomic  w^eight  is  low.  Compounds 
of  hydrogen  obviously  will  have  the  first  place. 

The  most  general  way  in  which  this  fact  of  the  tiigh  specific  heat  of  water  is 
important  to  life  Is  tibe  tmdency  of  the  sea,  lakes,  and  rivers  to  prevent  aay 
con.siderable  cliange  of  temperature.  It  also  enables  vast  quantities  of  heat 
to  be  transported  from  the  hotter  to  the  colder  parts  of  the  earth  by  ineHiisof 
ocean  currents.  Naturally,  other  properties  of  water,  such  as  latent  heat  of 
evaporatiim,  etc.,  play  a  large  part  in  maintaining  a  constant  temperature. 

The  high  specific  heat  of  water  is  directly  favourable  to  the  living  orgamsm, 
composed  as  it  is,  in  its  active  parts,  of  some  80  per  cent,  of  water.  The  hest 
prfnUiced  by  muscular  activity  would  otherwise  cause  a  ijreat  rise  in  the  temperature 
of  tlio  boiiy  bt'fore  it  could  be  eliminated  from  the  surface  by  radiation  aud 
evaporation.  The  more  highly  organised  a  creature  is,  the  more  sensitive  art 
the  delicate  adjustmoits  of  its  chemical  and  physical  processes  to  slight  changes 
in  temperature. 

As  L.  J.  Hsnderaon  points  out  (p.  91),  the  most  striking  ohsuge  in  modern  Isbontomi 
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is  the  miivertvil  intrcKluetinn  nf  thermostAts  for  carrying  on  investigations  at  constant 
leiuperature.  la  tact,  looking  round  my  own  laboratory  recently,  I  noticed  that  there  were 
Are  of  these  adjiutMl  to  varloat  ocmatant  temperatiirea. 

FiualJy,  we  note  that  the  only  other  liquid  exceeding  water  in  speci&c  iieat  is 
liquefied  ammonia. 

LATENT  HEAT 

Latent  heat  is  the  quantity  o(  heat  required  to  change  the  state  of  a  solid 
to  a  liquid,  or  that  of  a  liquid  to  a  gas,  at  the  same  temperature ;  or  that  given 

out  when  the  reverse  change  takes  place. 

In  the  case  of  water,  80  calorios  are  necessary  to  convert  1  g.  of  ice  at  0'  into 
1  g.  of  liquid  water  at  the  same  temperature.  This  means  that  as  much  heat 
Ih  required  f<Mr  this  purpose  as  to  raise  the  temperature  of  the  resulting  1  g.  of 
liquid  from  0*  to  80\ 

To  convert  1  ii.  of  water  at  100"  to  1  g.  of  vapour  at  the  same  temperature, 
even  more  is  wanted,  viz.,  536  calories;  so  that  to  vaporise  1  g.  requires  as 
uiuch  lieat  as  to  raise  5^?'!  g.  by  1°. 

A  diphasic  system  of  ice  and  water  is  therefore  an  extremely  delicate  thermostat. 
As  heat  is  added  or  removed,  no  change  of  temperature  takes  place,  merely  ice  is 
m^ted  «»r  water  frozen.  In  this  way,  the  temperature  ol  large  bodies  of  water 
nt  vor  falls  below  their  freezing  poinU^  and  cannot  do  so,  until  the  whole  mass 
is  tixizeu  through. 

The  freezing  point  of  water  is  not  by  any  means  a  low  one,  <x>mpared  with 
that  of  other  Hquids,  and  most  chemical  reactions  can  take  place  at  this 
temperature.    The  latent  heat  of  melting  of  ice,  mor)M>ver,  is  greater  than  that 

of  any  other  liquid  except  ammonia. 

Tlu'  hitent  heat  of  evaporation  is  more  important  still  in  th**  r<"4ulation  of 
temperature.  Unlike  freezing,  evaporation  takes  place  at  all  temperatures,  even 
below  0*.  It  is  naturally  grniter  at  h^jher  temperatures,  and  this  fact,  in  itself, 
conduces  to  moderate  a  nse  of  temperature  when  it  is  already  high,  while  having 
less  effect  when  the  temperature  is  low. 

After  what  has  already  been  '^rnd,  it  will  not  surprise  the  reader  to  find  that 
the  latent  heat  of  evaporation  of  water  js  absolutely  the  greatest  of  all  substances 
known,  not  even  excepting  ammonia. 

It  is  to  be  noted  tibat  the  large  amount  ol  solar  heat  absorbed  in  the  vaporisa-' 
tiott  of  water  fhnn  the  ocean  is  recovered  again  when  condensation  takes  place 
as  rain,  and  serves  not  only  to  warm  th*^  oolor  y>l!ir<'S  where  condensation  occurs, 
but  as  the  source  of  all  the  water  power  ot  the  earth.  other  liquid  could  do 
this  with  the  same  econumy  of  material. 

The  importance  cH  evaporation  in  getting  rid  of  the  excess  of  heat  produced  in 
animal  metabolism  has  been  referred  to  above.  If  the  surrounding  temperature  is 
the  same  a.s  that  of  the  organism,  no  loss  can  take  place  by  radiation  or  conduc- 
tion, so  that  evaporation  is  the  only  means  available,  but,  at  the  same  time,  it  is 
the  mmt  effective  one. 


CONDUOIJON  OF  HEAT 

Here  again,  water,  althonuh  n  y>nor  conductor  compared  with  rnetals,  takes  the 
highest  place  among  other  liquids  and  even  non-metallic  solids.  The  relative 
values  in  the  following  list  will  illustrate  this  point:— 


Silver 

Load 

Water 


100 
008 
00125 


Glass  - 

Glycerol 

Alcohol 


O'Ooii; 

0UOOG6 
000046 


Thus  there  is  more  difference  between  silver  and  lead  than  between  lead  and  water. 

This  fact  has  its  importance  in  respect  of  the  transference  of  heat  between 
cells  or  parts  of  the  same  cell  where  structure  prevents  convection  currents. 
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EXPANSION  BY  HEAT 

The  fact  that  water  has  its  maximum  density  at  a  temperature  of  4*  aboTe  its 
frwTrinq:  pyint  is  familiar  to  all.  Unlike  most  common  substances,  when  cool -  i 
from  \  to  0%  instead  of  contracting,  it  expands.  At  tlie  moment  of  soiidificatioii. 
there  is  a  further  expansion,  but  this  is  not  uncommon.  The  two  phenomena 
together  acoovnt  for  the  fact  that  larige  bodies  of  f raah  irater,  when  oooledy  freeze 
only  on  the  surface.  Since  water  at  4'  is  denser  than  at  a  lower  temperature, 
it  will  sink  and  no  ice  will  be  formed  in  the  depths  until  it  has  reached  thom 
growth  from  tho  top.  In  salt  water,  of  course,  tlie  ice  that  separates  is  free  from 
salts  and  is  therefore  still  lighter  than  the  sea  water. 

If  ioe  were  formed  m  tlie  winter  at  the  bottom  of  lakes  and  streams,  it  would 
never  get  melted  in  summer,  since  the  process  of  diffusion  of  the  warmer  and 
li;,'htef  water  from  the  surface  is  so  slow.  An  old  experiment  of  Runiford's  showii 
that  a  test-tube  of  water  frozen  at  the  bottom  can  be  boiled  at  the  tf^p  without 
melting  the  ice.  In  the  lakes,  the  ice  would  become  thicker  every  year,  until 
ultimately  the  whole,  or  nearly  the  whole,  of  the  water  would  be  turned  to  ice. 

So  far  for  the  thermal  pi^opertiee  of  water,   mie  only  othsr  liqiiid  which  appsoxinatcs  t» 

it  in  the  merely  tlierrnal  properties,  necr  u  v  for  life  as  we  know  it,  is  smnKMitSy  and  ereo  this 
laoka  the  anomaloiia  expansion  before  freezing. 

L.  J.  Henderson  (1913)  makes  use  of  these  characteristics  of  water,  and  there  are  other 

exceptional  ones,  as  wo  shall  see,  in  order  to  illustrate  his  point  of  view  tliat  wc  mnst  consider, 
not  only  the  adaptation  of  the  organism  to  the  enviruimient,  but  also  the  litue:^  u£  the  environ* 
ment  to  the  organism.  Of  course,  in  one  sense,  the  adaptatioa  of  the  organism  to  a  particuUr 
condition  implies  also  that  this  condition  ia  ritte<l  for  the  organism,  but  there  is  an  ob\-iou5 
distinction  to  be  made,  since  the  txi^nism  is  capable  of  change  in  response  to  changes  in  the 
enviromnent,  while  the  convetss  does  not  oocmr.  None  the  less,  it  is  a  remarkable  fact  th&t 
the  properties  of  the  snbstancee  everywhere  present,  such  as  wat^r  and  carbon  dioxide  as  al^> 
those  of  carbon  itself,  are  just  such  as  to  allow  the  most  varied  and  complex  chemical  and 
iiliysi'  il  systems  \kith  which  we  are  ac<^uainted,  and  call  bv  the  name  "Wtal,"  to  be  evolved. 
Ko  doubt,  the  cmx  of  the  question  Uee  m  the  words  "call  by  the  name  vital."  In  a  world  in 
which  liquid  ammonia  took  the  place  of  water,  another  kind  of  complex  organisation  might 
have  been  developed  ;  although,  it  must  be  admitted,  it  soetns  impossible  that  the  complexitie* 
and  endowmeots  of  the  "orgaoisme"  formed  could  ever  reach  the  perfection  of  those  which 
we  know  andar  the  present  oondiUons  <see  also  the  remarks  on  adaptatiofi  on  p.ige  201  abow)> 

SURFACE  TENSION 

We  pass  on  to  consider  some  othiT  of  the  physical  properties  of  water.  As  we 
have  seen,  its  surface  tonston,  75  dynes,  is  higher  than  that  of  any  other  liquid 
except  mercury,  although  glycerol,  65  dynes,  is  not  far  below  it. 

We  have  also  seen^  in  Chapter  III.,  the  importance  of  this  in  relation  to  the 
phenomena  of  adsorption,  which  play  so  large  a  part  in  physiological  prooessea, 
owing  to  the  heterogeneous  nature  of  the  systems  concerned. 

Tlie  supply  of  water  from  the  soil  to  phints  is  {greatly  influenced  by  the  lar^^^ 
surface  tension  of  water,  sinco  it  is  thus  enabled  to  reach  the  roots  from  » 
considerable  distance..  It  is  suid  that,  under  ordinary  circuuibtauces,  water  may 
rise  in  the  sofl  as  much  as  4  or  5  feet.  See  the  monograph  by  Russell 
(1912,  pp.  102-105). 

TRANSPARENCY  TO  RADIATTDX 

Water  in  the  liquid  state  is  practically  transparent  to  all  the  rays  of  the 
visible  spectrum.  In  very  deep  layera  it  appears  blue,  which  means  that  it 
absorbs  more  of  the  rays  of  longer  wave  length  than  of  the  shorter.  The  rap 
of  stQl  longer  wave  length,  heat  rays,  are  comparatively  more  ahsorbed,  ao 
that  a  vessel  of  water  is  a  fairly  efficient  method  of  aheorbing  the  heat  from 
an  arc  lainp,  used  for  purpose??  of  micrnsropie  observation  Or  phot^Jfraphy.  Ultra- 
violet ravs  ire  al)sorhe(i  to  a  very  i^mall  extent. 

This  relatively  .small  absorption  of  the  energy  of  radiation  is  probably  of 
some  importance  in  allowing  the  access  of  this  form  of  energy  to  substaoctf 
in  solution  in  water.  Especially  in  the  case  of  the  green  leaf,  the  light  encrcv 
must  not  be  degraded  to  heat  before  reaching  the  photo-chemical  aystem  ol  the 
chloroplast. » 
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AS  A  SOLVENT 

When  St  is  said  that  chemistay  bas  been  built  up  almost  entirely  <m  aqueooB 
•olutions,  it  is  not  to  be  understood  that  water  has  been  used  as  a  solvettt 

m**rf*ly  because  of  its  cheapness  and  accessibilit  v,  hnt  that  it  has  unique  properties 
in  this  respect.  In  fact,  there  is  no  other  Jiquui  capable  of  dissolving  so  great 
a  variety  of  bubataucen.  As  regards  inorganic  salts,  very  few  are  soluble  in  any 
other  liquid.  Of  oi|(anic  subatances,  more  are  to  be  found  which  reqture  alcohol, 
ether,  &nd  so  on  for  solution,  but,  even  here,  the  majority  can  be  dissolved  in 
water. 

Geologicsal  facts  arc,  perhaps,  the  must  striking  evidence  of  the  oflBuiency  of  water  as 
a  <iolvent,  bat  detaik  aru  out  uf  place  here.  It  ia  sufficient  to  recall  the  fact  (L.  J.  Henderson, 
1913,  p.  IIS)  tliat  the  total  amount  of  dissolTed  OMtler  «arried  by  the  rivers  of  the  world 
to  the  sea  amonnta  to  five  thousand  million  tons  per  annnni. 

Turning  to  the  living  organism  itself,  a  list  (^f  the  .substances  found  in  urine, 
which  were  practically  all  T>r<^viuubly  in  solution  in  tlie  blood,  illustrates  the 
variety  of  chemical  compounds  soluble  in  water.  These  are: — urea,  carbamic 
acid,  creatinine,  creatine,  uric  acid,  xanthine,  guanine,  hypoxanthine^  adenine, 
oxalic  acid,  allantoin,  hippuricadd,  phenaceturic  acid,  benzoic  add,  phendsulphuric 
acid,  indoxylsulphuric  acid,  paraoxjrphenylawietic  acid,  urobilin,  urochrome,  uroery- 
thrin.  hf*»niatoporphyrin,  glucose,  lactose  (when  the  mammary  glands  are  active), 
glycuronic  acid,  glycine,  alanine,  leucine,  tyrosine,  various  enzymes,  putrescine, 
cadaverine,  chlorides,  bromides,  iodides,  phosphates,  sulphates,  salts  of  potassium, 
aodinm,  anunopia,  cadcium,  magnesium,  iron,  cMrbonic  add,  nitrogen,  argon  and 
other  substances.  In  pathol<^cal  conditions :  proteins,  oxybutyric  and  acetoacetie 
acids,  acetone  and,  in  some  abnormalities  of  metabolism,  cystine  and  homo- 
gentisic  acid.  Only  a  few  of  these  are  soluble  in  otlier  liquids  to  any  extent^ 
even  in  alcohol. 

Ch«mieal  Stability. — With  the  exception  of  hydrolytic  and  deetrolytic  dissocia- 
tion, the  action  of  water  upon  solutes  is  peactioally  nil.    This  depends  upon  its 

chemical  inertness  anfl  strilrility  Substances  can  therefore  be  recovercfl,  by 
evaporation  of  the  solvent,  m  their  original  state.  This  applies  also  to  sul>siaiues 
which  undergo  electrolytic  diissociation,  since  the  ions  reunite  on  conceutratiun ; 
and  even  to  some  extent  to  hydrolytically  dissociated  solutes,  when  the  products 
•  are  non-volatile. 

SoluhiJity. — As  to  wlmt  happens  in  the  actual  process  of  solution,  we  are,  as 
yet,  very  much  in  the  dark.  Why,  for  ejcample,  scidium  salts  are  nearly  all 
soluble  in  water,  whereas  certain  corresponding  potassium  salts  are  insoluble,  and 
why  the  nitrates  of  practically  all  metals  are  freely  soluble,  but  only  the  chlorides 
of  some  of  them,  is  not  explained.  The  fact  itself  is  of  great  importance  in  the 
production  of  osmotic  pressure.  When  dissolved,  the  molecules  of  a  substance 
are  free  to  manifest  the  e£lects  of  the  energy  ilue  to  their  movement.  The  process 
is,  in  fact,  a  "*  dispersion  "  of  the  same  kind  as  that  more  or  less  visible  and  obvious 
in  the  case  ci  collddsl  solutions,  difiering  only  in  the  degree  of  snbdiviskm. 

The  history  of  the  vMions  theories  proposed  is  of  nraeh  interest  and  may  be  reed  in  ^e 

ivf-xount  given  by  Waldon  (1010).  We  note  that  tlu  re  has  been  much  argument  between  the 
adherente  of  jphysioal  and  of  chemic^  theories.  The  question  has,  from  the  first,  been  closely 
oonneoted  with  that  of  the  nature  of  ehemioal  affinity,  so  that  as  molecular  physics  made 

further  and  further  strides,  attempts  were  made  repeatedly  at  physirval  explanations  of 
chemical  affinity.  In  the  catiti  uf  solution,  as  we  aball  gee  presently,  there  is  undoubted 
evidence  of  combination  of  some  kind  between  solvent  sod  swite,  "hydration"  or 
"solvation";  but.  since  tlu'  -hernical  properties  of  a  substance  snffer  little  or  no  change 
in  the  process,  it  seems  rather  a  matter  of  words  whether  we  chuowu  to  cou.siiiur  the  process  as 
one  of  aatiafaotion  of  "residual  affinities'*  or  prefer  to  speak  of  attractive  forces  between 
molecules;  neither,  in  fnet.  goes  far  towards  an  explanati'-n  nnfl  tin-  different  modes  of 
expression  serve  equally  well  at  present  aud  will  prohaijly  appeai  uitTerently  to  investigators 
aecording  to  whether  they  are  chiefly  occupied  w  ith  the  physical  or  chemical  aspeets  of  the 
phenomena.  In  the  distant  future  they  will,  no  doubt,  be  reconciled  ;  although,  prc^uioably. 
It  most  be  admitted  that  the  explanation  will  most  hkely  be  in  a  better  know  ledge  of 
the  physios  of  the  atom. 

As  dilute  solutions  are  of  frequent  use  in  physiological  work,  and  changes  in 
their  conoentration  require  to  be  known,  it  may  be  u»&l  to  refer  to  the  delicate 
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« 

method  of  measuring  these  changes  by  the  principle  of  interferenre  of  light  wav«. 
A  method  has  long  been  in  use  for  many  purposes,  in  which  the  refractive  index  of  | 
a  hquid  is  determined  directly,  by  the  amount  of  deviation  through  a  prism  ;  ba^ 
the  method  bj  wMdi  changes  in  the  rafiraetive  index  are  oansed  to  pr 
interference  bands  is  far  more  delicate.   Suppose  that  we  have  a  train  of 
waves,  of  a  particular  wave  length,  and  that  part  of  this  passes  through  a  column 
of  water,  on  tho  one  hand,  and  another  part  through  a  solution  of  a  substance 
which  slows  the  rate  of  transmission  of  light  through  it.    The  wave  length  will  not 
be  the  same  in  the  two  beams,  ao  that,  if  thej  are  combined  togeth^,  the  directiaa 
of  vibration,  if  coincident  at  one  pointy  will  be  opposite  at  a  ceitaiii  nuinber  of 
waves  distant,  where  there  is  half  a  wave  length  difference  between  them.  Whea 
there  is  again  a  whole  wave  length  difference,  the  directions  are  again  coincident. 
The  result  is  a  series  of  alternate  dark  and  light  bands.    This  brief  d^cription 
only  intended  to  illustrate  the  principle  on  which  the  method  is  based.  I>etaili 
of  the  construction  of  the  instrument  will  be  found  in  Lowe's  papers  (1910  and 
1912).   It  will  be  clear  that  the  changes  in  concentration  to  be  measured  must 
a£foct  or\e  con^^tituent  of  the  solution  only,  unless  those  of  other  constituents  are 
related  to  tliis  in  a  known  way.    The  method  can  also  be  used,  as  originally  by 
Rayleigh,  for  tiie  aiialyiiis  of  mixtures  of  gases,  if  the  tension  of  one  only  varies 
independently.  The  instmmenti  as  made  by  Zeiss,  detormineo  the  ooooe&tmli^ 
of  solutions  up  to  8  per  cent,  sodium  chloride  with  an  error  of  0*003  per  cent,  of  ' 
solute,  or,  with  a  longer  chamber,  solutions  between  0  and  1  per  cent,  with  nr\  error 
of  0'0004  per  cent,  in  the  salt.    The  interferometer  is  also  made  by  Messrs  ilger. 

HydrcUion  of  Solute. — As  just  mentioned,  there  is,  at  all  events  in  a  hw 
number  of  cases,  combination  of  some  kind  or  association  between  the  mntnnwlni 
the  solvent  and  those  of  the  solute.    Leaving  out  for  the  present  the  hydration  of 
ions,  it  must  be  admitted  that  the  evidence  for  such  hydration  is  mainly  indirect^ 
and,  in  fact,  Kernst  (1911,  pp.  271  and  537)  appears  to  re^^ard  the  hypothesis  as 
by  no  means  proven. 

The  meaninc  of  the  name  hydration"  must  be  distineoished  from  that  of  hydrolytio 
dis-socidtion.  The  former  rcfcns  to  the  combination  of  the  mmecules  or  ions  of  the  solute  with 
the  molecules  of  water  as  such.  The  latter,  as  ab-eady  ejqplained,  is  a  decomposition  of  a  Mil 
into  fne  acid  and  bsss  by  intSHMrtioa  with  tiw  hydrogen  and  hydroxyl  ions  eleotrolytioal^ 
dinodaled  water. 

The  solubility  of  gases  in  water  is  diminished,  not  only  by  electrolytes,  hot 
also  by  some  non-electroljrtes,  and  the  most  satisfiMtorf  way  of  accounting  for 
the  fact  i?^  that  the  sohit^o  has  in  some  way  taken  up  a  number  of  the  molecules 
of  the  wattT,  lenvini^  fewer  to  dissolve  the  gas.  One  molecule  of  .sacchan)t?^\  for 
example,  tak&i  up  six  muiecuies  of  water  (Philip,  1907).  Carl  MuUer  (1^1;!, 
p.  502)  finds  that  the  diminiition  of  soluhflity  of  a  gas  by  a  given  solute  is 
ind^>endent  of  the  chemical  nature  of  the  gas.  This  can  only  be  explained  by 
an  influence  of  the  solute  on  the  solvent,  and  most  readily  by  the  formation  <>i 
"hydrates."  This  phenomenon  of  hydration  may  possibly  play  a  part  in  the 
effect  of  neutral  salts  on  the  activity  of  an  acid  in  the  inversion  of  cane-su^jar. 
It  is  dear  tbat^  if  the  neutral  salt  takes  up  a  number  of  ihd  moleenlei  ol  the 
disposable  water,  tiie  acid  present  will  be  in  higher  concentration  in  the  remainder. 
It  seems,  however,  doubtful  whether  this  effect  is  capable  of  accounting  for  the 
whole  of  the  apparent  increase  in  the  concentration  of  H'  ions  (see  also  page  195 
above). 

Considerable  eridence  has  been  brought  by  Jones  (1907)  and  by  Jones  and 
Anderson  (1909)  in  favour  of  the  hydration  of  salts  in  solution.    If  this  takes 

place,  it  is  generally  supposed  to  be  an  equilibrium  of  such  a  kind  that  the 
more  water  present,  relatively  to  the  solute,  the  more  molecules  of  it  are  associated 
with  each  molecule  of  the  latter.  Now,  the  absorption  of  light  by  solutions  of 
substances  is,  by  Beer's  law  (see  Chapter  XIX.),  proportional  to  the  number 
of  molecules  through  which  the  rays  pass.  Further,  if  water  molecules  are  tahCB 
npk  it  is. to  be  expected  that  the  vibration  period  and  other  properties  of  the 
molecules  of  tho  solute  will  be  found  to  be  dilTei-ent  M<-cordin<^'  to  the  dilution. 
Fig.  67  shows  four  series  of  photographs  of  absorption  spectra  of  solutions  of 
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copper  chloride  in  water.  In  A,  the  concentration  inci*ea»e8  fioni  0  56*2  molar 
to  4*5  molar,  fix>ui  above  downwards,  and  the  depth  of  the  solution  is  varied 
inversely  with  the  oonoentration,  ao  that  the  same  total  arnonnt  of  soltite  Uet 
in  the  path  of  the  light.  It  is  seen  that  the  more  dilute  the  BolntioD,  the  leu 
iiltra-violet  is  absorbed.  In  B,  we  have  a  similar  series  with  more  dilute  solutions. 
In  C  and  D,  the  concentrations  are  chosen  so  as  t<>  rompensate  for  increased 
dissociation  on  dilution,  so  that  the  number  of  undisiuciated  molecules  in  the 
path  of  tlie  light  should  be  constant.  A  similar  effiBct  is  seen.  There  are  two 
ways  of  accounting  for  the  inerease  in  abaorptiott  with  oono^tration,  when  the 
number  of  molecules  is  kept  constant.  Aggregates  may  be  formed  and  tiie 
absorbing  power  incren«f^<l  thereby;  or  solvate*?  mav  be  formed,  in  proportion 
to  dilution,  and  the  uDsorbiag  power  decreased  with  increase  in  number  of 
molecoles  of  water  taken  up.  To  decide  between  the  two  views,  we  can  test 
the  eflfect  of  rise  of  temperature,  which  breaks  up  aggregates.  The  effect  is 
the  same  as  that  of  inweaaing  concentration ;  hence  it  is  to  be  concluded  that 
the  action  of  increased  concentration  on  the  absorption  of  light  is  not  due  to 
aggregation  of  sulute,  which  would  have  the  opi)osite  effect.  The  concentration 
of  water,  in  the  experiments  in  i^ucstiun,  was  also  varied  by  the  addition  of 
calcium  chloride  or  alcohol,  and  the  salts  of  several  diffisrent  metals  were 
investigated,  with  results  similar  to  those  mentioned. 

An  important  case  for  the  physiologist  is  tlio  state  of  amino-acids  in  water. 
Winkelblech  (1901,  p.  590)  points  out  that  taurine  (ainino-ethyl-sulphonic 
acid)  forms  no  salt  with  hydrociiioric  acid,  and  that  it  is  usually  supposed  to  form 
a  ring  compocmd,  internal  anhydride,  or  internal  salt^  in  water.  Might  it  not 
also  be  that  the  aiilphonic  acid  group  makes  it  too  strong  an  acid,  even  when 
partially  counteracted  by  the  KH.J  In  the  case  of  the  ordinary  carboxylic  amino- 
acids,  even  supposing  that  such  internal  salts  are  formed  by  combination  of  the 
and  COOH  groups  with  one  another,  as  salts  of  very  weak  acids  and  bases, 
tiiey  will  be  greatly  diaaoeiated  hydrolytically  in  water,  according  to  the  lawi 
given  on  page  198  above.  In  fact,  as  Winkelblech  shows  (1901,  p.  692),  glycine^ 
according  to  the  equation  of  Arrhenius,  must  be  hydrolytically  dissociated  to 
the  extent  of  99-967  per  cent.  ;  this  proportion  is  present  as  hydrated 
glycine,  the  smaller  remainder  as  internal  salt  together  with  a  few  ions.  It 
is  therefore  present  in  solution  practically  entirely  as — 

CHjQ  notasGHgC  VP 

^COOH  ^COO 

It  ia  diificult  to  see,  huwevor,  why  the  tin>t  compound  is  not  dissociated  more  complctelv 
than  it  it  found  to  be.   Possibly  the  ezplaoatiaai  Uee  in  the  production  of  aa  intecnu 

ammooinm  salt  (see  page  202  aboro). 

The  fact  that  tanrin^i  and  the  corresponding  carboxylic  acid,  alanine,  have  the 
same  very  small  electrical  conductivity  shows  that  electrolytic  dissociation  is 
extremely  low ;  one  would  expect  that  Uie  presence  of  the  strongly  acid  sulphonio 
acid  group  would  give  rise  to  considerably  more  H'  ions  tiian  tlw  carboxyl  group. 
This  is  one  of  the  numerous  .cases  that  show  that  the  dmnical  propertaea  of  i 
particular  group  are  not  fixed,  but  depend  on  other  oonstituents  of  the  molecule. 
The  relatioa  of  If/ofhUt  eoUoida  to  the  solvent  has  been  traated  of  above  (page  97). 

DIELECTRIC  CONSTANT  AND  ELECTROLYTIC  DISSOCIATION 

In  the  previous  chapter  the  relation  of  the  dielectric  constant  to  electrolytic 
dissociation  has  been  discussed  and  tlie  fact  pointed  out  that  water  has  a  higher 
dielectric  constant  than  any  other  solvent,  with  the  exception  of  prussic  acid  and 
hydrogen  peroxide.  Even  where  electrolytic  dissociation  ia  prtxiuced  by  other 
solvents,  the  nrocess  appears  to  be  a  v«ry  complex  one  compared  to  the  simple 
aplitttng  of  the  majority  of  salts  in  water.  Association  of  solvent  and  solate 
seems  to  oocnr  to  a  large  extent,  as  well  as  between  the  molecules  of  the  solute 
iteell.    Eiectrolytically  dissociated  colloids  in  water  (page  160)  are  similar  cases. 
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Although  water  dws  not  chemically  decompose  salts  dissolved  in  it,  yet  by 
caosmg  their  diiisociation  into  ious,  it  enables  all  kinds  o£  reactions  to  take  place 
whidi  do  not  ooenr  between  the  solutes  in  their  moleenlar  state.  It  was  shown 
by  Veley  (1910,  p.  49)  that  pure  nitric  acid  does  not  react  with  calcium  carbonate. 
The  importancp  of  ions  in  physiological  processes  has  been  abundantly  illustrated 
in  the  previous  chapter  and  need  not  be  further  insisted  on  here. 

If  now  w«  look  at  a  aeries  of  subetances  arranged  in  order  of  dielectric  ooDstaata*  heats 
of  Taporisation  wad  eoodiflBtivity  for  heat,  we  n<^ee  that  there  is  en  anniiatalnhto  eon- 

nection  hftwccn  these  properties.  It  will  also  be  found  that  these  properties  are  related  to 
the  critical  pressures  and  to  both  the  constants  of  van  der  Waala.  So  that,  after  all,  some  of 
Ihe  wondernil  propertiM  of  water  sre  makually  dependent. 

THE  CONSTITUTION  OF  WATER 

The  actual  percentage  composition  of  water,  as  formed  by  two  volumes  of 

hydrogen  to  one  of  oxygen,  was  proved  by  Cavendish  (1781),  although  the  true 

explanation  of  the  results  obtaine<l  was  not  known  until  the  experiments  of 
lAvoisier  in  1783,  as  Cavendish  held  to  the  doctrine  of  phlogiston. 

It  is  only  of  recent  years,  however,  and  owing  greatly  to  tlie  influence  of 
Annstroog,  wat  it  has  been  realised  that  water  cannot  be  correctly  represented 
by  ttie  symbol  H«0,  with  the  molecular  weight  of  only  18,  or  rawer  it  is  only 
under  limited  conaitions  that  this  can  l^e  done. 

In  the  first  place,  the  fi*eezing  and  boilinLj  points  are  not  at  all  where  they 
would  be  expected  to  be  in  a  simple  compound  cuutaiuing  three  moleculi  s  only  of 
gases  with  extremely  low  freezing  and  boiling  points.  In  fact,  comparing  it  with 
siittilar  compounds,  as  Jacques  Duclaux  points  but  (1912),  the  freering  point 
should  be  about  -150°  and  the  boiling  point  -100'.  It  appears  then  that  the 
molecular  weight  of  water  must  he  greater  than  18;  in  other  wo-ds,  it  must  be 
a  polymerised  or  associated  liquid,  in  which  a  number  of  molecules  are  united 
together.  Comparing  formaldehyde,  which  is  liquid  at  -  20",  with  its  polymer 
trioa^methylene,  composed  of  throe  molecules  of  formaldehyde,  we  notice  that  the 
latter  is  solid  even  at  150" ;  so  that  considerable  changes  of  properties  occur  even 
when  only  three  molecules  are  combined  together,  and  although  H^O  ought  to 
boil  at  -l00°,  H,503  might  well  IkjH  at  +  100°. 

We  mjist  suppose  that  chemical  combination  takes  place  between  the  simple 
moieculee  when  polymerisation  takee  place.  Thus,  altnough  formaldehyde  and 
{^uooee  have  the  same  percentage  composition,  no  one  would  r^ard  them  as  the 
same  chemical  substances.  Al'-o,  at  any  given  temperature,  there  is  an  equilibrium 
between  the  polymers  of  water,  which  are  mutually  convertible,  so  that  the 
different  chemical  individuals  are  easily  changed  into  one  another,  and  the 
dieniical  eh«ife  is  by  no  rnean^  so  marked  as  in  rae  example  given  above. 

We  may  now  at  once  proceed  to  make  use  of  the  names  proposed  by  Sutherland 
(1900).  "Die  substance  composed  of  single  molecules,  which  does  not  appear  to 
exist  as  a  liquid,  is  hydrol,  that  of  two  molecules  is  dihydrolf  that  of  three 
molecules  is  trxhtfdrol,  and  so  on. 

So  far  tiie  theory  is  simple,  but  already  several  of  the  peculiar  prc^rties  of 
water  can  be  explained  hf  it.  The  degree  of  pol3rmerisation,  as  a  general  rule, 
increases  as  the  temperature  falls,  so  that  coM  water  is  not  the  same  liquid 
chemically  as  warm  water  and  is  less  volatile ;  hence  its  vapour  praSSure  falls 
more  rapidly  than  that  of  a  simple  liquid  would.  This  is  a  favourable  circumstance 
in  regard  to  the  properties  of  water  as  a  regulator  of  animal  temperature, 
since  the  cooling  produced  by  its  evaporation  is  greater  the  higher  the  tempera- 
tnreis. 

We  saw  that  the  specific  heat  of  water  is  unusually  high.  Now  when  heat 
is  applied  to  water,  it  has  to  flo  three  things  :  a  part  serves  to  heat  the  complex 
molecules,  another  part  to  heat  the  simple  molecules,  and  a  third  part  to  decompose 
a  certain  number  of  complex  molecules  into  simple  ones.  The  specific  heat  of 
water,  furthermore,  presents  a  minimum  at  about  30°.  The  two  first-mentioned 
fractions  of  the  heat  probably  increase  regularly  with  the  temperature,  as  is  usual, 
but  the  third  rapidly  decreases,  being  proportional  to  the  concentration  of  complex 
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molecules  present,  wliich  diminiahes  oousiderably  between  0°  and  100' ;  a  minimuiii 
would  iherelore  be  expected. 

There  are,  however,  certain  properties  left  unexplained  by  the  hypothesis  in 

this  simple  form.  Rontgen  (1892),  considering  what  might  be  the  nature  of  the 
polymer  formed  at  low  temperatures,  was  struck  witli  the  idea  that  it  ought  to 
show  itself  when  the  whole  of  the  water  was  transformed  into  the  p)olyTQer.  But 
when  water  is  cooled  it  turns  intx>  ice.  llow  iheu  do  the  properties  of  ice  coincide 
with  the  requirements  of  the  case  f  Take  the  density ;  ice  is  more  bulky  than 
water  at  0°,  so  that  if  we  assume  that  ice  molecules  exist  in  liquid  water,  we 
can  explain  the  existence  of  a  point  of  niaxiraum  density  at  4°.  Thus :  the 
chanp^e  of  volume  when  water  is  warmeil  from  0*  to  1°  is  the  result  of  two 
op[x>site  effects — dilatution  of  the  bimple  molecules,  according  to  rule,  and  coo- 
traction,  due  to  change  of  ice  into  water.  The  latter  process  is  prepondemt 
at  the  lower  temperatures,  but  nearly  abs  nt  at  the  higher,  and  a  point  will  exist 
where  tlie  difference  between  the  two  is  the  least.  It  will  probably  occur  to  the 
reader  tliat  water,  according  to  this  view,  is  a  colloidal  solution  of  ice.  We  sbsll 
see  presently  that  a  third  component  has  to  be  added,  namely  steam. 

Since  the  presence  of  1^  large  moleeuleB  d  ice  inoreases  wtoosity,  we  tee  why 
this  property  of  water  increases  unusually  laptdly  when  the  temperature  fthHs. 

The  compressibility  behaves  similarly,  on  accoun  t  rtf  the  effect  of  pressure  in 
causing  depolymerisation.  This  would  of  itself  result  in  a  diminution  of  volume 
and  be  added  on  to  the  ctimpretwibility  of  the  pure  hydrol. 

There  still  remain  some  ^ueetiona  unanswered.  Although  the  oompressibiUty  of  water  ii 
greater  tlmn  that  of  hydrol,  it  is  unusually  small.  Again,  we  have  noA  yet  aa  explanstioo  for 
llio  high  dielectric  constant,  nor  why  ice  \^  ligliter  than  water. 

There  is  an  interesting  fact  iii  connection  with  water  which  throws  some  light  on  all  of  th«se 
prohlcma.  Water  of  all  known  liquids  (exce  pt  fused  metals)  oontains  the  bluest  number  of 
moleoalef  per  unit  volume.    Thus,  in  gram-molocules  per  cubic  centimetre : — 

Water       -      -      .      -     56  Hydrofluoric  Acid  •      -  49 

Bromine     -      •      •      •     SiO  BensMWD  •      -      •      -  11*5 

Sulphuric  Acid   •       •        ■      22  .HflptSQS  ....  7*1 

Ammonia  -  -  -  •  37 
This  means  that  there  is  less  space  between  the  molecules  of  water  than  of  other  Itqatds. 
The  low  compressibility  is  doithtlfss  t-xplained  by  this.  The  dielectric  const  int  i!  -n  irtcr cases 
rapidly  as  the  molecular  condeosation  of  a  substance  increases.  Finally,  it  is  to  be  supposed 
that  the  moleoolsr  forces,  Whioh  pwmit  the  moleooles  of  hydrol  to  press  unnsnaUj^  eiMikj 
together,  disappear  when  the  new  ^ronp  constituling  ice  is  formed,  so  that  the  latter  occupies 
the  greater  volume  corresponding  to  that  which  might  be  called  the  normal  volume  of  water. 
It  is  to  be  admitted,  nevertheless,  that  the  rsaaon  why  water  is  such  a  do9dy  paektd 
has  not  been  explained. 

As  to  the  actual  number  of  molecules  existing  in  the  various  polymers,  opinion 
is  still  divided.  The  balance  of  evidence  appears  to  b<'  that  ice  is  trihydrol,  steara 
ii>  uionohydrol,  liquid  water  is  mostly  dihydrol  with  varying  amounts  of  the  other 
two  polymers  according  to  the  temperature.  X  curioua  fact  ia  that,  according  to 
Kemst  and  Lev^  (1^09),  there  are  still  soihe  polymerised  moleeulee  in  water 
vapour,  ao  that,  if  these  are  identical  with  ice,  it  seems  that  we  must  admit  the 
presence  of  ice  in  steam  ! 

There  i^i  also  difTerence  of  ojjinion  as  to  the  relative  numlxT  of  muleculei?  of  ice  present  in 
liquid  walt:r  at  various  U;aiperaluret$.  As  J.  Duelaux  (  ll»12j  points  out,  it  might  be  possible 
to  attack  the  problem  bv  the  determination  of  the  absorption  of  light  of  diflbrent  wave  lengths 
by  water  and  by  ice.  It  appears  that  ice  is  rauoh  bluer  in  colour  than  water,  which  i«i  stated 
to  have,  as  dihydrol,  a  very  pale  green  colour.  The  rtsader  will  probably  liave  noticed  that  the 
ice  of  glaciers  is  of  a  deeper  olms  than  that  of  the  saoaa  depth  of  water. 

It  was  incidentally  mentioned  above  that  it  is  neoeesary  to  introdaoe  steam,  ai 

a  third  component^  into  the  water  system,  so  that  water  in  its  ordinary  liquid  state 
is  a  ternary  mixture.  T\v.^  !ims  been  shown  by  Bou<^field  and  Lowry  (1910)  by 
compari-son  of  the  properties  of  water  with  a  series  of  aqueous  solutions  of  which 
it  may  be  regarded  aa  the  limit  of  dilution.  The  careful  study  of  "solution 
volumes"  of  caustie  soda  at  diflforent  concentrations  and  temperatures  showed  that, 
in  addition  to  the  abnormality  of  water  near  the  freezing  p<;int,  there  is  a  aeoood 
in  the  neigh bonrhfxxl  of  HO"  nvA  tlutt  <he  factor  resjions*ible  for  this  eflfect  Ix^comes 
more  and  more  obvious  as  the  boiling  point  is  approached.    The  complete  evideooe 
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for  tlie  Tiew  that  the  phenomenon  is  due  to  the  existenoe  of  a  third  oomponad, 

'-♦•■am  or  monohydrol,  is  too  long  for  the  pio^.-Tit  workT  One  or  two  main  facte 

should  be  given  on  account  of  their  importance. 

The  Solution  Volume"  oi  a  given  solute  is  tb&  iacTea<M$  ia  volume  of  the  solvent  when 
1  g.  of  the  Bolute  ifl  diflwlvcMl  in  ICO  c.c.  of  the  liquid.  Thus,  wtM»i  1  g.  of  sodium 
i  hloride  is  dissoh'ed  in  100  c.c  of  water,  the  volume  of  the  solution  is  H)(1-2.  c.c,  so  that  0"2 
c.c.  is  the  solution  volume  of  1  g.  of  sodium  ciilunde.  It  might  he  sup^tosed  that  thia 
would  be  the  volume  of  the  salt  in  the  liquid  state,  but  this  oannot  be  so,  ninoe  the  volume 
•hnngfa  with  concentration.  Moreover,  sodium  hydro.vido  has  a  negative  .solution  vohtmc  at 
ccriain  temperatures  and  concentrations,  so  that  140  g.  uf  the  solid  can  bo  added  to  a  litre  of 
water  at  (f  without  increasing  the  volume  at  all,  keeping  the  temperature  at  (V,  of  oourae. 
It  i?  evident  thut  cliange.s  take  yjlaoe  in  the  solvent  itself. 

The  contraction  produced  on  dmsulving  is  greatest  in  preseiicy  oi  large  excess  of  the  solvent, 
just  as  the  number  of  molecules  of  water  in  tht-  li\  drated  solute  is  greater  the  more  dilute  the 
solution.  The  most  reasonable  explanation  of  the  contraction  is,  then,  that  the  combined 
water  haa  a  greater  density  than  normal  water ;  a  view  indeed  supported  by  other  evidence. 

Further,  the  degree  of  contraction  with  the  t^anie  volume  of  solvent  varies  with  the 
temperature,  but  in  suoh  a  manner  m  to  show  a  maximum  at  a  particular  temperature,  which 
itaeii  natarally  varies  with  the  degree  of  hydration  of  the  solute  used.  In  most  cases  investi- 
i^alud  by  Bousfield  and  Lowry,  the  teniperaturL-  at  which  this  maxiniuni  occurs  is  about  (><>  .  i  )n 
paasiug  from  solutes  with  a  small  affinity  for  water  to  those  with  a  strone  one,  the  maximum 
18  reached  at  lower  and  lower  tempeiatareB  $  in  the  OMe  of  Uthium  cmloride  at  85".  Tiie 
deviaUooa  thus  have  their  origin  at  Cbe  higher  temperature*  and  «cteod  gradually  downwards. 

Ncrw,  in  the  case  of  the  point  of  maximum  density  of  water  at  4",  we  have  seen 

that  tlie  most  .satisfactory  e.xplanation  re.sts  on  th"  j^vf^aonce  in  liijuid  water  of  a 
polymer,  identical  with  ice,  which  diminishes  in  concentration  as  the  temperature 
rises.  Similarly,  to  explain  the  changes  in  the  volume  of  the  water  taken  up  in 
hydration  of  sofntes,  it  is  in  accord  with  all  facts  to  assume  that,  as  the  temperature 
riaeS}  there  is  an  increasing  formation  of  a  third  component  of  low  density,  and  a 
partial  destruction  of  this  when  a  hydrate-forming  salt  is  added.  It  is  natural  to 
rc2:ard  this  third  component  as  beins^  identical  with  steam,  that  is,  monohydrol,  and, 
it  tiiis  is  so,  the  component  intermediate  between  steam  and  ice  nmst  be  dihydrol. 

To  sum  up,  we  arrive  at  the  oondnsion  thai  liquid  water  is  a  system  of  three 
components — ^ioe,  or^trihydrol,  which  is  present  in  greatest  conoentrati<m  at  the 
freezincr  point;  dihydroi^  the  main  component  at  ordinary  temp«ratures ;  and 
nM>ft  )hvdrol,  or  steam,  increasing  as  the  temperature  rises  to  the  boiling  point.  It 
i6  lu  be  ^einembcied  that,  at  any  temperature,  there  will  be  a  certain  definite 
relative  proportion  of  all  three  of  these  substances,  although  at  the  freezing  p<«int 
monohydrol  is  prohaUy  nearly  absent,  while  tnhydrol  is  nearly  absent  at  the 
boiling  point 

It  is  ]ir->bable,  as  already  remarked,  that  these  tliree  constituents  must  be 
looked  upou  as  distinct  chemical  individuals,  although  easily  converted  into  one 
another  by  small  changes  of  coudi lions.  Thus,  regarding  the  (^uadn  valence  of 
oxygen  as  an  established  fiust^  tnhydrol  may  be  represented: — 

dihydrol:  H,»0»0=H, 
and  in  monohydrol,  H^O,  two  of  the  affinities  of  oxygim  must  mutually  satisfy  one 
anoUier. 

Armstrong  (1908)  prefers  the  rum.  1,\  li  one"  in.^tead  of  "  l)y<1n>l  "  to  express  the  simple 
molecule  and  dibydrone,  etc.,  for  the  polymers.  The  reason  is  tiiat  M'atcj*  belongs  not  to  the 
dasa  of  eloohols,  but  rather  to  that  of  the  ketoDes.  Shriotlv  speaking,  this  is  no  doubt  correct, 
hut,  on  tl  n  nther  hand,  water  may  convcnicntlv  be  regarded  aS  the  simplest  of  the  aloohols, 
if  we  consider  OH  as  the  cliaracttsrijstic  group  o{  the  class. 

Armstrong  assumes  further  that  there  is  present  in  water  an  isomeric  form  of  dihydrone, 
in  whieh  r.ix;  of  the  moleotties  is  resolved  into  H  and  OH,  with  Increased  ohemiosl  activity. 
Thus,  dihydrone  being 

bydroool  ia  i— 
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and,  in  this  latter  compound,  we  may  conaiatentiv  iiae  the  ternuiiatioti — oL    i  tic  activitj  of 
Ironol  '  oorrespondis,  on  the  "association"  theory  d  chemical  ohftnge,  to  the  H'  and 


uv<i 


Orf'  ions  of  water  on  the  elcctroh  tic  disgociation  theory.  In  the  former  view,  which  cannot 
be  discussed  further  in  this  place,  the  electrical  conductivity  of  concentrate  solutions,  say 


H 


of  hydroohlorio  aicid,  ia  oonditioiied  nuuoly  by  hydrolj/Hd  solute,  H«CK^^ 


and  in  dilate 


H 


solution  by  hydrolated  solute,  ^^^Xq-^'  ^  that,  in  strong  solutions,  it  is  chiefly  the  aolute 

which  is  active,  in  weak  solutions,  the  solvent.  It  follows  further  that  "hydration"  may  be 
of  two  types,  * '  hydrolation  '  and  "  hydromilion. "  For  more  details  the  reader  is  referred  to 
the  paper  quoted. 

\Vith  regard  to  the  actual  existence  of  these  two  isomeric  forms  of  the  associated  molecnlas 
of  water,  it  ia  cle»i.r  that  they  can  be  represented  by  stinjotural  tormuls  ;  but,  as  previously 
remarked,  this  does  nob  in  itself  prove  their  existence.  I  cannot  pretend  to  be  able  to  giw 
an  opinion  on  the  evidence  for  this,  about  which  there  is  mucli  contention.    I  would  merely 

Cirit  uut  that  the  phenomena  whose  explanation,  rcijuirca  their  assumption  c^n.  apparently, 
explained  m  satisfactorily  on  the  electrolytic  dissociation  theorj'. 

In  any  case,  the  arguments  of  Bousfield  and  Lowry  (1910,  p.  18)  are  not  affected,  since,  as 
they  indicate,  jdihydrol,  and  perhaps  trihydrol,  wofuld  only  have  to  be  thought  of  as  mixtures 
of  hydroao  Md  hydnmol  with  a  given  avenge  density,  instsad  of  simple  snbstsiieea. 

It  is  important  to  noto  that  Philippe  A.  Qnye  (1910),  approaching  the  problem 
from  the  chemical  point  of  view,  also  comeii  to  the  same  oondarioii  as  Bousfield 
and  liowry  do,  with  regard  to  the  ternary  nature  of  water. 

HYDRATION  OF  IONS 

The  behaviour  of  ions  as  reganh  combination  with  water  is  similar  to  that 
of  solutes  in  general.  The  fact  has  been  referred  to  in  previous  pc^es  in  various 
connections,  so  that  it  is  unnecessary  to  discuss  the  question  furwer,  except  to 
call  uttention  to  an  interesting  paper  by  Kohlrausch  (1902).    This  investigator 

found  that  the  rates  of  migration  of  different  ions  approached  noaror  to  the 
same  value  as  the  temperature  waa  raised.  Above  the  normal  boiling  point  of 
water  the  eifect  is  stiU  more  obvious,  as  appears  from  the  foUowing  table  of 
Noyes  and  his  co-workers  (1907,  p.  47) 

Ratbs  or  Migration  of  Ions  at  Diffkrbnt  Tkmperatuuivs. 


* 

18» 

100" 

l«f  J  lfi6' 

218' 

*28r 

1 

306*  r 

1 

KCl  •      •      •  - 
NaCl  •      •      •  - 

iao-1 

109-0 

414 

362 

ff6S    !  ffi» 

500    1  055 

8S5 

760 

1,005 
970 

1 

ijao 

1,080  * 

Ratio 

1144 

1130  1  1126 

1-0S6 

1-036 

1-037 

If  (hawn  in  curves,  these  results  .show  that  the  mobilities  would  l>e  identical  at 
360^  C,  that  is  practically  at  the  critical  temperature  of  water.  At  low 
temperatures,  therefore,  the  sodium  ion  is  the  mare  bulky  and  for  that  reaeoii 

the  slower  in  movement,  on  account  of  the  fact  that  it  lias  more  water  molecnles 
ns<5oeiated  with  it  than  the  potassium  ion  has.  But  at  hicfh  tf^mperatnres,  owin^ 
to  the  loss  of  water,  the  two  approximate  to  equal  size  and  mobility. 


OSMOTIC  PRESSUliK,  HYDRATION  AND  THE  CONSTITUTION 

OF  WATER 

It  might  perhaps  he  supposed  that  the  considerations  of  the  previous  pages 
would  invalidate  conclusions  with  regard  to  osmotic  pressure,  since  the  ooncen- 
tration  of  the  solvent  is  diminished  by  the  amount  of  it  which  is  taken  up  bv 

the  solnte,  so  that  the  effi-rtive  concentration  the  solute  would  be  increased. 
It  is  pointed  out  by  Nern-^i  (1911,  p.  271)  that  it  is  not  found  experimentally 
that  any  uiiomahes  result  from  this  cause. 
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The  reason  will  be  apparent  from  the  foUowing  table  given  by  Bousfidd  and 
Limiy  (1910,  pw  21) :— 


MoUr  Concentration 
of  KCl. 

Frio  NVatvr  in  firanis 

Water  (>niii>ine<l  with  KOI 
iti  Grams  {►♦•r  1,(HMI  (iranis. 

0-201 



971 

29 

0-161 

977 

23 

0100 

984 

16 

0-070 

987-5 

12-5 

It  Ix'  noted  that  the  proportion  of  water  of  hydration  to  total  vvat^r 
dinjinjjiheji  rapidly  with  the  couceutratioQ  and  that  it  is  only  iu  the  high 
eoDoentrations  tlutt  it  would  be  detectable,  owing  to  the  very  small  amouiit 
of  water  taken  up  at  the  lower  ooneentrations.  Even  in  0*2  molar  oonoentration 
97  per  cent,  of  the  water  is  free. 

Osmotic  preHf-ure,  on  the  kinetic  theory,  heiiii;  dependent  on  the  energy 
of  movement  of  the  molecules  of  the  solule,  it  is  clear  that  a  certain  degree  of 
polymerisation  of  the  solvent,  by  which  the  total  number  of  its  uu>lecules  is 
deereased,  will  not  have  any  obvious  effect  on  the  osmotic  pressure  of  the 
aolats; 

ELECTROLYTIC  Dli^SOCIATION  OF  WATER 

The  more  carefully  water  is  puritif  fl,  the  less  is  its  power  of  conducting  an 
electric  current :  so  that  the  conclusiuu  must  he  made  that  it  is,  at  tlie  most, 
only  very  slightly  dibsociated  into  ions.  H-  and  OH',  therefore,  can  only  exist 
beaade  one  anotiier  in  the  merest  traces.  We  have  seen  above  the  importance 
of  this  fact  in  the  process  of  neutralising  a  base  with  an  add,  and  how,  in 
consequence,  the  heat  of  neutralisation  of  a  strong  acid  by  a  strong  base  is 
tbe  same,  whatever  the  acid  or  base  used. 

2^ow,  since  the  conductivity  of  ordinary  distilled  water  is  readily  shown  to  be 
doe  to  impurities,  it  would  seem  that  the  view  taken  by  Armstrong,  that  if  water 
were  sufficiently  pure  it  would  be  a  non-conductor,  is  a  justifiaUe  one.  It  is 
obvious  that  the  argument  cannot  be  disproved  by  direct  mea'^urements  of  the 
mnHurtivity  of  purified  water.  At  the  same  time,  the  results  of  Kolilraust-h  and 
Heyuweiller  (1694)  distinctly  point  to  a  limit,  beyond  wljich  further  purifiration 
has  no  effect.  These  experiments  give  a  concentration  of  1  05  x  10  '  gram-iuus 
per  litre  at  26*,  or  0*78  x  1(H  at  18*.  This  gives  a  value  for  the  product  of  ionio 
OQocenttalaons  (H'J  (OH')  of  M  x  10-^^  at  26'. 

The  substantial  correctness  of  the  view,  moreover,  is  shown  by  the  fact  that 
other  independent  methods  give  values  almost  identical  with  this. 

1.  The  addition  of  large  quantities  of  a  strong  alkali  to  water  will  render 
infinitesimal  the  concentration  of  any  free  hydrogen  ions  arising  from  the 
diModation  of  an  add  present  as  impurity ;  so  that,  if  the  presence  of  any  such 
ions  can  be  detected,  they  must  arise  from  the  water  itself.  This  can  be  done  by 
taking  the  electromotive  force  of  a  battery  of  acid  and  alkali  by  the  method  of 
Nernst  described  above  (page  191).  The  value  of  the  concentration  in  hydrogen 
ions  found  in  this  way  was  0*8  x  10-"  at  li^'. 

3.  We  have  seen  how  satisfactorily  the  hydrolytic  dissociation  of  certain  salts 
n  water  is  explained  by  the  existence  of  H*  and  OH'  ions  in  water.  Thb  is,  in 
itself,  evidence  for  the  truth  of  the  hyjiothesis,  but  the  numerical  value  of  the 
dissociation  of  -^ater  eau  be  calculated  from  the  d^ree  of  hydrolysis  of  a  solute 
and  0-6^  x  lO"''  has  been  found  in  this  way. 

3,  In  the  chapter  on  "  Catalysis  "  we  shall  see  how  acids  cause  an  increased  rate 
cf  hydrolysis  of  esters  in  water  and  how  alkalies  cause  an  increased  rate  of 
Mpooilleation.    So  that,  if  the  rates  of  these  reactions  in  pure  water  be  determined, 

have  another  mean'^  r  f  arriving  at  the  concentration  of  hydrogen  or  hydroxyl  ions 
u  water.    Taking  methyl  acetate,  Wijs  (1893)  found  a  value  of  1*2  x  iO~~  at  25*. 
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Putttn?  the  four  values  together  and  converting  them  to  the  same  temperature 

(25°),  we  find 

By  acid-alkali  battery      -  -        .-   "      -  rii)xiO~". 

By  hydrolytic  dissociation  of  solute  -  -  1"10  x  10~^. 
By  saponification  of  esters  .  -  ,    1-20  x  10^', 

By  electrical  oondactivity-         ...  1*05  xKh"^, 

It  is  impossible  to  believe  that  viJnes  so  near  togetiier  oonld  depend  on  accidental 

It  shuuld  be  reuu-mbered  also  that  Arrhenius  (1889,  p.  103),  on  this  hypothesis, 
was  enabled  to  predict  the  high  temperature  coethcient  of  its  conductivity. 

On  the  other  hand,  Walden  (1910)  finds  that  water  hM  no  hi^^her  conductivity  when 
dissolved  in  prussic  acid,  contrary  to  binary  electrolytes  of  the  ordinary  kind.  It  seeniii, 
however,  that  there  are  anomalous  conditions  present,  owing  to  ohetDioal  oombinatioD  with 
the  solvent. 

Water,  as  Nemst  points  oat,  is  capable  of  a  ssoood  slsotrolytio  dissoeiation*  sinos 

Bnt  the  separation  of  the  second  hydrogen  ion  from  snoh  a  dibasic  acid  always  takes  ^sos 
with  great  difficulty,  so  that  the  ooDOMitratioik  of  oxygen  ions  would  probably  "be  ao  smaQ  as 

to  escape  detection. 

HYDROLYTIC  DISSOCIATION  OF  SOLUTES 

There  are  a  few  more  facts  in  connection  with  this  question  whioh  require 

mention. 

Denhani  (1008)  lias  shown  that  the  hydrogen  electrode  can  be  u?ed  with 
good  rc-nlts  in  dctern)iniii;j;  the  degrp.^  fyf  hydrohjsiii.  The  most  interestini^ 
facts,  for  our  purposes,  obtained  in  this  way  are  that  ammonium  chloride  is  only 
hydrolytically  dissociated  in  water  to  a  minute  extent,  namely,  0*018  per  cent 
for  a  0  01  molar  solution  at  25%  while  aniline  hydrochloride  0*03^  molar  is  2'6  per 
cent,  dissociated,  whence  ammonium  is  abont  seventy  thousand  timea  as  strong 
a  base  as  aniline. 

The  hydrolytic  dissociation  of  Indicators  is  oi  importance  as  showing  that 
their  .strength  as  acids  or  bases  must  not  be  too  small ;  otherwise  the  end  point 
is  inaccurate.  The  rule  is  that  weidc  bases  and  weak  acids  are  not  to  be  tised 
together;  that  is,  weak  acid  tndi(  iN  i  s  are  not  to  be  used  for  titrating  weak  bases, 
nor  weak  bases  for  titrating  weak  acids.  For  more  details  see  Nemsfs  book  (1911, 
p.  535). 

The  fact  that  hydrolysis  can  be  reduced  by  the  addition  of  excess  of  aciii 
or  base,  respectarely,  enables  precipitations  to  oe  avoided  where  the  product  of 
hydrolysis  is  insoluble.  Thus  acetic  acid  is  added  to  mercuric  acetate.  Conversely, 
by  reducing  the  H*  ion  concentration  in  ferric  eldoride  solutions  by  the  addition 
of  sodium  ncetnto,  ferric  hydroxide  is  pi*ecipitated.  Or  silicic  acid  may  be  pre- 
cipitateii  from  sodium  silicate  by  addition  of  ammonium  chloride.  This  kind  of 
action  is  obviously  of  much  importance  in  the  reactions  of  analytical  chemistry 
(Nemst,  1911,  p.  648). 

Finally,  the  circumstjince  that,  when  the  weak  base  or  acid  of  a  hydrolytically- 
dissociaterl  nalt  has  a  very  small  conductivity,  it  is  found  that  addition  of  excess 
of  this  component  beyond  a  certain  degree  causes  no  further  change  in  the  molar 
conductivity  of  the  solute,  as  shown  by  Bredig  (1894,  l,^p.  214),  enables  the  degree 
of  hydrolysis  to  be  determined  by  an  independent  method.  Such  a  case  is  that  of 
aniline  salts. 

WATER  AS  CATALYST 

The  phenomenon  known  as  "catalysis  '  will  come  up  tor  discussion  in  a  later 
chapter. .  It  will  suffice  here  to  state  that  there  are  substances  which  prodsoe 
a  great  increase  in  tlie  rate  of  reactions,  although  they  themselves  are  not 
constituents  of  the  final  system  in  equilibrium  and,  as  a  rule^  reappear  finally  ia 

the  same  Htatf*  as  tliey  were  to  iK'irin  with. 

Hydrogen  ions  constitute  one  of  tlie  most  powerful  of  these  catalysts  aad, 
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although  they  exist  oiUj  in  very  small  amount  in  water,  their  action  must  not 

be  neglected. 

Hjdroxjl  loos  are  not  oatolysts,  at  all  events  in  the  saponification  oi  esters,  since  they  are 
used  up  in  the  xwetioQii  thttt:— 

CHjCOoCH, + OH' = CH,COO' + CH^OH. 

The  resnlt  of  this  reaction  is  to  increase  the  hydrogen  ions  mv\  to  diminish  the  hydroxyl 
ions.  There  is,  tiieii,  a  double  process,  the  details  of  which  may  be  tound  in  Ncrust's  book 
(191J,pl5«7}. 

Most  oxidation  processes  were  supposed,  up  to  recent  times,  to  be  simply 
explained  by  the  direct  union  of  oxygen  with  the  substance  to  be  oxidised ;  but 
it  has  V>een  shown  conclusively,  chiefly  by  the  work  of  H.  B.  Dixon  and 
H.  B.  Baker,  tliat  the  presence  of  water  is  necessary.  This  fact  will  require 
further  discu^ion  in  our  chapter  on  oxidation,  so  that  attention  is  directed  to  it 
here  as  another  case  in  vhidi  water  acts  as  a  catalyst. 

It  stioald  be  mentioned  that  Armstrong  does  not  admit  that  it  is  water  itself  which  acts  in 
these  ea^es,  hut  the  impurities  contained  in  it,  acting  as  condu'  ti;  n  tema  to  bring  the  other 
compooeats  into  reaction.  A  striking  case,  which  seems  to  support  this  view,  is  that  descriWl 
by  Brentoo  Baker  (1902).  It  had  bera  i^ready  shown  by  Dixon  tliat  water  vapour  is  necessary* 
f'>r  the  explosion  of  .a  mixture  of  o.xyj^oii  and  "hydrogen  gases.  Baker  sliowed  that  if  the  ga,ses 
are  almost  completely  dried,  a  slow  combination  occurs  on  heating ;  but  although  more  than 
•aiBeient  water  is  formed  to  bring  about     explosion,  none  happens.  T!h»  eiq^laiiaticni,  aoooni* 

ic^  to  Armstr'  riL'.  is  f^hat  the  water  fr>rmed  is  too  pure  tO  allow  the  flClCCHflflljr  OOIMlllotuig 
>}'8tem  between  the  reacting  gases  to  be  produced. 


WATER  IX  REVERSIBLE  REACTIONS 

A  large  number  of  the  reactions  occurring  in  iiviog  organisms  am  thot^e  in 
which  water  is  removed  or  added.  The  addition  of  water,  hydrolysis,  results  in 
the  splitting  up  of  a  complex  molecule  into  smaller  ones,  and  plays  a  large  part  in 
Uie  phenomena  of  digestion,  where  certain  agents,  enzymes,  are  present  whose 
fQn<  tinn  it  to  hasten  the  process  catalytically.  As  a  simple  instance,  we  might 
take  glycyl-glyciue : — 

COOH— CH3-  NH— CO— CHj-NH,. 

By  the  entnmee  of  a  molecule  of  water  at  the  arrow,  the  compound  is  ^lit  into  two 
molecoles  of  glycine : — 

COOH—CHg— NH2         HOOC— CH,— ira^ 
If  two  molecules  of  g^cine  be  taken  and  a  molecule  of  water  removed,  that  is,  H 
from  the  one,  and  OH  from  the  other,  synthesis  of  f?lycyl-glycine  occurs. 

Cousider,  further,  the  equilibrium  in  a  mixture  of  methyl  acetate  and  water. 
Here,  wlien  water  is  added  to  methyl  acetate  in  the  proportion  of  one  mol^ulc  to 
ttchmokeoleof  the  ester,  part  of  the  water  hydrolyses  part  of  tiie  ester  similarly  to 
tiie  previous  case.  But,  when  a  certain  fraction  of  the  ester  is  hydrolysed,  the  process 
comes  to  an  end,  owing  to  the  increase  of  the  opposite  syiitlietic  reaction  by  mass  action 
the  products  of  hydrolysis.   Expressed  in  the  usual  way,  we  have  in  equilibrium : — 

K.C«,«r.CH^-CU«hoi.C««.  or  K«  ^ 

^alcohol  ^acid 

Suppose  that  we  now  increase  the  concentration  of  the  water.  It  is  plain  that  the 
only  way  K  can  remain  constant  is  by  diminution  of  Center,  which  involves,  at  the 
ims  tune,  increase  of  the  components  of  the  denominator.  Similarly, 
decrease  of  water  means  increase  of  ester,  or  synthesis.  It  is  clear  that,  in 
this  way,  by  alteration  of  ^lie  fietunl  'M-  effective  concentration  of  water,  the 
living  cell  has  the  possibility  ot  cliangmg  the  position  of  equilibrium  in  such 
reversible  reactions,  and  thus  causing  the  preponderance  of  hydrolysis  or  synthesis. 
It  seems  most  probable  that  mechanisms  of  such  a  kiml  are  active  in  the 
pratoplasmic  system,  and  that  the  taking  up  or  giving  off  of  water  by  colloidal 
rabstaooes  is  the  chi^  one.  In  any  case,  we  see  the  importance  of  the  presence  of 
water,  not  merely  a??  a  solvent  to  allow  the  reairents  to  come  together,  but  also  as 
an  actual  component  of  the  cheniiral  reactions  thoiiiselvep. 

In  pure  water,  the  procesii  of  attaiameut  u£  equilibrium  i&  extraordinarily  blow, 
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iii  that  it  niubt  1)e  iiasteued  by  a  cs&talyst^    Honce  the  universal  presence  ol 

enzymes  in  the  organism. 

Although  water,  as  such,  is  chemically  &o  inert  a  substance,  certain  chemical  individaaLi, 
•noh  as  si^ium,  enter  into  violent  reaction  with  it.  Here  again,  however,  we  are  met  with 
the  posfiiliility  that  the  reaction  is  accelerated,  or  even  rendered  possible,  only  by  the  j>rp9enc<» 
oi  s<ime  other  sul>stance,  which  hcU  aii  a  catalyst.  H.  Brereton  Baker  (1910)  and  Baker  and 
Parker  (1913)  have  ehown  how  greatly  the  rate  of  reaotiOD  between  iodimn  amafgani  ud 
water  is  retarded  by  punfiuatioa  ox  the  watw. 

DRYING  AND  STERmSATION 

Tlie  necessity  of  the  presence  of  water  for  the  manifestation  of  vital  properties 
is  sufficiently  obvious  from  the  fomer  part  of  this  chapter.   An  mtorestiog 

question  arises  as  to  how  far  protoplasm  can  be  deprived  of  water,  while  remaining 

capaV)le  of  recovery  to  life,  when  again  supplied  with  moisture. 

That  drying  in  ordinary  air  is  not  necessarily  fatal  is  shown  by  pveiy  day 
experience  with  seeds,  which  can  be  kept  a  large  number  of  years  without  losing 
tiieir  power  of  germinatioii. 

Shattock  and  Dudgeon  (1912)  have  shown,  moreoyer,  that  certain  bacteria, 
even  when  they  do  not  produce  spores,  can  be  exposed  to  a  vacuum,  produced 
by  charcoal  surrounded  by  liquid  air,  for  a  spaco  '^f  one  hundred  and  sixt^^n 
days.  One  would  suppose  that  ail  water  would  be  rem(>\  ed  from  the  or^'HUi^ins 
in  this  way.  Mr  Shattock  informs  me,  that  he  ha^  found,  since  the  paper 
referred  to  was  publidied,  that  after  two  years  in  the  vsouum,  Baeillus  pyocyaneus 
was  still  capable  of  vigorous  growth. 

Apparently,  under  such  conditions,  all  chernical  processes  cease,  so  that  we 
must  assume  that  the  protoplasm  remains  in  the  state  in  which  it  was  at  the 
moment  of  desiccation  and  prepared  to  resume  activity  on  tlje  arrival  of  water. 
It  is  interesting  to  note  that  the  bacillus  in  question  lives  longer  in  the  dry  vacuum 
than  when  merely  air  dried ;  in  this  latter  state  it  never  survived  longer  than  nine 
days,  no  doubt  owing  to  chemical  changes  still  continuing.  Some  kind  of  change 
can  be  brought  about,  even  in  the  perfectly  dry  condition,  since,  if  exjiosed  to 
sunlight  or  ultra-violet  radiation,  it  was  found  by  Shattock  and  Dudgeon  that 
bacteria  were  killed  rapidly,  even  in  ^e  absolntely  dry  vacuum. 

Naturally,  the  much  more  complex  and  sensitive  organisation  ci  the  higlier 
animals  cannot  be  dried  in  this  way.  It  is  well  known,  however,  that  creatures 
as  highly  tleveloped  as  "Rotifers  survive  drying  in  air ;  but  this  appears  to  be 
due  to  the  production  of  a  capsule  which  prevents  complete  loss  of  water.  Davis 
(1873)  saw  a  drop  of  fluid  exude  when  he  punctured  the  cyst  of  Fhilodiiia. 

It  aeema  possible  that  desiccation  at  the  enteetio  temperatiire  by  Attmann's  method, 
described  in  tlie  first  chapter  of  thij*  l)Ook  (p.ige  ITs  might  allow  of  iccuVLrv  <>(  the  cdh  ^'f 
higher  ormniamB.  If  so,  a  valuable  means  of  investigatioa  would  be  available ;  tissues, 
ddydiated  in  this  way,  oaa  be  cat  into  thin  Beottone  and  the  cdle  obewved  vadtt  the 
microscope.  The  dilfieolty,  a*  previoiMly  mentioiied,  warn  in  when  it  is  required  to  add 
water  again. 

An  important  practicul  application  of  the  facts  described  above,  as  to  the 
necessity  of  the  presence  of  water  for  protoplasmic  activity,  lies  in  the  greater 
resistance  of  organisms  to  the  action  ol  heat  m  drier  thev  are.  This  is,  however, 
not  invariably  the  case — Baeillut  pyocyaneus  is  killed  by  exposure  to  65*  for 
an  hour,  wet  or  dry.  The  resistance  is  particularly  noticeable  in  the  case  of 
spores  of  bacteria  an'l  other  fungi ;  as  is  well  known,  a  higher  temperature  of 
sterilisation  is  required  to  kill  them.  This  behaviour  is  also  shown  by  enzymes, 
which  renst  a  considerably  higher  temperature  in  the  dry  state  than  when 
in  solution. 

A  fact  worth  reconlinir  here  is  that,  as  shown  by  Preyer  and  Ainley  Walker 
(1912),  spores  of  bartt-ria  suspended  in  glycerol  or  (ul  aic  not  killed  by  exptmure 
to  a  temperature  of  119'  C.  for  over  half  an  hour.  This  fact  is  obviously  of 
much  practical  importance,  since  sterilisation  in  non-watery  liquids  is  frequeotly 
made  use  ol. 

That  organisms  are  under  more  or  less  risk  of  injury  from  (hyin'::  is  shown  by 
the  precaution  taken  by  many  of  them  to  avoid  the  risk  by  surrounding  them- 
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selves  with  a  layer  of  subetanoe  comparatiTely  impermeable  to  water,  forming 
▼hat  are  known  as  "cysts,"  as  mentioned  above  in  reference  to  Eotif'^r'; 

It  will  also  readily  be  understoofl  that,  in  the  dry  state,  }>ic>t<>i»la8m  can 
withstand  freezing  teiuperatures  better  than  in  the  normal  active  inoist  state. 
Seeda,  although  the^  are  not  absolutely  devoid  of  water,  can  be  exposed  to 
fhe  temperature  ol  liquid  air  without  injury. 

HTDB0TB0FI8M 

The  need  ol  water  causes  certain  organisms  to  turn  towards  the  place  where 
it  is  to  be  found.  This  foct  is  very  marked  in  the  case  of  roots,  leading  to  the 
phenomenon  known  by  the  above  name.  The  side  of  roots  turned  away  from 
the  water  grows  more  rapidly  than  that  turned  towards  it,  so  that  cur^'ature 
r«»iult«i.  The  opposite  behaviour  is  shown  by  the  sporangia  of  Mucor,  leading 
te  bending  away  frwn  the  moist  sur&ce. 

THB  VISCOSITY  OP  LIQUIDS 

The  subject  of  viscosity  is,  strictly  speaking,  not  quite  in  place  here,  since 
it  oonoems  other  liquids  in  addition  to  water.'  But  sinee,  in  physiological 
work,  the  liquids  with  which  we  have  to  deal  are,  almost  entirely,  solutions 
or  suspensions  in  water,  we  may  be  allowed  to  take  the  subject  at  this  stagey 
as  a  convenient  one. 

As  was  pointed  out  by  Jivewtou,  the  particles  o£  liquids  ai'e  not  free  to  move 
about  without  reetstance  due  to  their  adherence'*  to  one  another.  This  gives 
rise  to  friction,  so  that  the  viscosity,  or  internal  friction,  of  a  liquid  is  proportional 
to  the  velocity  with  which  these  parbides  are  moving  past  one  another  and  also 
to  the  extent  of  the  rubhing  surfaces. 

The  tnethocu  used  for  its  determination  consist  either  in  measuring  the  resistance 
oifered  to  the  movement  of  a  surface  passing  through  the  liquid,  or  in  that  of 
the  resistance  offered  to  the  passage  of  Ihe  liquid  through  a  narrow  tube;  the 
■atter  metlicHl  is  a  simple  one  and  requires  merely  the  determination  of  the 
nine  taken  by  a  given  amount  of  the  liquid,  under  a  given  pressure,  to  run 
through  the  tube. 

The  flow  throuf^  tubes  is  not  only  the  most  important  aspect  of  this  property 
of  liquids  met  with  in  ordinary  life,  but  also  in  physiology,  where  the  internal 
friction  of  the  blood  gives  rise  to  what  is  often  called  the  **  peripheral  resistance  " 
of  the  vascular  system.  This  it  is,  thati  with  a  given  rate  and  strength  of  heart 
beat,  determines  the  arterial  pressure. 

The  first  point  to  be  noted  is,  that  when  a  liquid  is  being  caused  to  flow  through 
a  tube  by  the  pressure  applied  at  the  inlet  end  of  the  tube  being  greater  than  tint 
at  the  outlet,  the  layer  in  immediate  contact  with  the  wall  of  the  tube  is  at  rest, 
while  that  in  the  middle  has  th*>  ^TP-ntest  velocity  ;  each  layer  experiences  friction 
at  its  contact  with  the  nei i^hbournig  layer,  so  losing  in  velocity  progressively  until 
the  outeiiuost  layer  is  reached,  where  the  velocity  disappears  entirely.  We  see, 
then,  that  the  Motion  is  between  the  parts  of  the  liquid  itself  and  not  between 
the  liquid  and  the  wall  of  the  tube. 

Suppose,  next,  that  the  tube  is  a  wide  one  and  that  the  internal  friction  of 
the  liquid  is  not  great ;  the  thickness  oi  the  layer  at  the  periphery  in  which  the 
velocity  is  increasing  from  zero  to  its  maximum  rate  wUl  only  be  a  narrow-  one 
The  remainder  of  the  column  moves  in  all  its  parte  with  the  same  velocity,  so 
that,  in  this  part  of  the  stream,  there  is  no  Miction.  Such  tubes  are  the  large 
arteries  and  veins.  In  a  narrow  tube,  such  as  an  arteriole,  the  layer  whose 
constituent  elements  are  in  motion  relatively  to  one  another  will  reach  to  the 
axis  of  the  tube,  so  that  the  whole  of  the  liquid  column  is  exposed  to  internal 
irictkm.  We  see,  l^ien,  how,  even  supposing  that  tiie  number  of  arterioles  into 
wbidi  a  large  artery  divides  is  sufficiently  great  to  give  a  total  cross-sectional 
area  equal  to  that  of  the  large  artery,  so  that  the  rate  of  flow  is  no  greater, 
the  total  mass  of  blood  is  causing  fnctional  resistance^  whereas  in  the  large 
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artery  mort'ly  a  sinull  fraction  of  it  wa.s  doing  so.  The  sectional  area  of  th* 
arterioles  taken  together  may  clearly  be  even  greater  than  that  of  the  artery, 
withoat  a&ofang  nature  of  the  reeult^  although  the  effect  will  be  leas,  on 
account  of  the  less  rate  of  flow. 

It  is  important  to  bear  in  mind  that  the  peripheral  resistance  of  the  arterii) 
system,  resulting  from  tho  division  into  small  arterioles,  is  due  entirely  to  the 
internal  friction  of  the  blood,  not  to  friction  agaiubt  the  walls  of  tii©  vessels; 
except  Indirectly,  in  so  far  as  it  is  this  latter  friction  which  determines  the 
atationanr  condition  of  the  blood  film  in  contact  with  them. 

Frici«»ial  r^istanoe  in  fluids  being  proportional  to  Uie  rate  at  which  the 
rubbing  surfaces  glide  over  one  another,  we  see  why  there  is  romparativel  v  little 
renistance  in  the  capillaries.  Owing  to  the  enormous  increase  of  total  sectioiul 
area,  the  rate  of  flow  is  far  less  than  in  the  arterioles. 

Now,  the  total  amount  of  the  friction  experienced  by  the  blood  obTUMiIj 
depends  on  that  property  of  liquids  Inown  as  internal  friction,  which  differs  greatly 
in  different  cases;  compare  water  with  treacle,  f<»r  ovampio  Tt  is,  therefore,  of 
some  iniportance  to  find  out  what  are  the  various  conditions  ou  which  this  property 
depends- 

We  have  to  consider  homogeneous  liquids,  such  as  pure  liquids  and  true  solutiofi^ 
colloidal  solutions  and  suspensions,  such  as  that  of  blood  corpiuades  in  plasma. 

The  coefficient  of  viscosity  is  (iffmed  as  the  force  per  unit  area  requii-ed  to 
produce  a  difference  of  unit  velocity  of  streaming  in  two  parallel  layers  onu 
centimetre  apart  It  is  6  6  x  iO~^  dynes  in  the  case  of  water,  about  10  x  iO"'  Ux 
serum,  and  25  x  10~'  for  blood. 

Chemical  Composition, — As  a  mle^  the  internal  friction  increases  with  the 
molecular  weight  and,  in  homologous  series,  in  proportion  thereto.  The  increase 
of  the  viscosity  of  water,  due  to  the  formation  of  polymers  of  a  higher  moleoilar 
weight,  has  been  discussed  above. 

Temperature. — Rise  of  temperature  causes  considerable  decrease  of  yiscosity, 
as  is  known  to  every  one  in  the  case  of  such  liquids  as  castor  oil,  glycorol,  etc 
Hence  als(^  the  necessity  of  using  a  thick  lubricating  oil  for  the  cylinder  of  an  air 
cooled  petrol  motor ;  the  high  temperature  would  make  another  one  t(>'>  thin  to  s^rve 
its  purpose.  The  viscosity  of  blood  diminishes  to  a  large  extent  as  ihe  t*}inperature 
is  raised,  so  that  less  work  is  demanded  of  the  heart  in  order  to  drive  a  given  amoQot 
of  blood  through  the  arterioles ;  or  the  same  work  will  drive  the  blood  at  a  greater 
rate.    This  is  an  incidental  advantage  pissessed  by  warm-blooded  <ttitmala. 

Blood. — Changes  \n  the  viscosity  of  blood,  other  than  those  produced  by 
diftbrences  of  temperature,  are  also  of  importance.  The  presence  of  corpuscles 
increases  the  viscosity,  which  is  therefore  lower  in  **  laked  "  blood  than  in  nomwd 
blood.  Dilution  has  also  the  effbct  of  diminishing  viscosity,  so  tiiat  a  dilute  blood 
passes  more  rapidly  through  the  renal  vessels  and  the  excretion  of  urine  is  favoarsd. 
See  the  papers  by  Denning  and  Watson  (11)06)  and  Burton-Opitz  iV^  \  1). 

"RhvMl  is  a  sus|)ensi(>n  and  should  obey  the  logarithmic  law  proposed  by 
Arrhenius  (lillT;.  If  a;  is  the  viscosity,  relative  to  that  of  the  liquid  phase,  oi 
a  suspension  in  which  e  is  the  percentage  of  volnme  occupied  by  toe  suqModed 
particles,  and  $  a  constant^ 

iog»«i^ 

Bazett  (1919)  finds  that  if  6^  be  given  the  value  0  007 73,  obtained  from  a  particular 
case,  the  formula  gives  values  for  dilutions  of  blood  with  plasma  wbleh  oorrespood 
to  the  experimental  data.  Multiplying  these  figures  by  the  viscosity  of  the  liquid 
phase  (plasma),  we  have  the  viscosity  of  tlie  suspension. 

Viscof^ify  of  t'oUoiilal  Solutions.— Th^^  inteinal  friction  of  the  b1nod-plafinia» 
as  a  colloidal  solution,  is  afi*ected  by  the  same  factors  as  those  which  act  oo 
that  of  colloidal  solutions  in  general.  A  brief  account  onlv  can  be  given 
here;  the  reader  will  find  more  details  in  the  report  of  the  aiscussion  at  tliB 
Faraday  Society  on  13th  March  1913.  As  regards  suspensoids,  the  degree 
of  dispersity  is  the  main  factor,  and  it  appears  that  the  maximum  of  visco«i*}' 
is  at  medium  values  of  dispersion,  being  less  with  very  small  as  well  as  vi^^' 
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Tery  large  particles.  It  is  uncertain  wheth^^r  ^liis  is  connected  with  the  variable 
amount  of  the  rllspersion  medium  associat^^d  with  the  |mrticles.  Kmul«?oids  show 
great  variety  of  changes  in  viscosity,  so  that  the  determination  of  this  property 
is  a  valuable  one  in  the  investigation  of  such  systems  (see  the  paper  by  ^o. 
Ostwald,  1913,  from  which  the  following  statements  are  chiefly  derived).  I 
have  already  referred  to  the  effects  of  concentration,  temperature  and  degree 
of  dispersion.  Other  factors  are  solvate  formation  ;  elect rolvfi(^  <H«sociation,  in 
which  solvate  formation  is  probably  involvwi ;  previous  thenuHl  ueatment,  as 
in  the  case  of  gelatine,  which  alsa  shows  an  influence  of  mechanical  treatment, 
even  in  the  liquid  state,  in  that  its  viscosity  diminishes  by  repeated  passage 
through  a  narrow  tube  and  gives  evidence  of  some  kind  of  "  structure  " ;  inoculation 
with   small  quantities  of  a 

more  viscous  colloid,  which  CMiajMM  iM*««»l». 

produces  a  much  greater  eilect 
than  that  due  to  its  own 
visooaity;  time,  especially 
shown  by  the  effect  of  the 
rate  at  which  the  temperature 
is  changed ;  and  hnailj  the 
additicHi  <(A  electrolytes  or 
non-electrolytes,  which  may 
raise  or  depress  viscosity  in 
the  most  varied  manner.  A 
particularly  striking  instance 
of  large  changes  in  viscosity 
produced  by  small  dianges  in 
temperature  is  shown  by  such 
colloids  as  E^elatines  which 
form  gels,  and  also  hv  those 
which  coagulate  on  iieatmg. 
As  an  illustration  we  may 
take  the  change  in  the  vis- 
coi;ity  of  a  dilute  albumin  sol 
when  heated  (Fi;;.  68,  from 
the  paper  by  Wo.  Ostwald). 
FhHU  80*  to  57*  the  viscosi  ty 
decreases  regrolarly.  At  57**5, 
just  before  the  appearance  of 
t'lrViiditv,  a  larije  increase 
t^curs,  which,  at  (>0',  gives 
ice  to  an  equally  steep  de- 
After  that^  the  curve 
forms  prat  tically  a  continua- 
tion of  the  direction  of  the  first  part  below  57*,  as  if  nothing  had  happened  in  the 
meantime. 

In  the  ca.se  of  agar,  the  efi'ect  of  concentration  is  very  markeni ;  from  0  to 
1  per  cent,  the  viseosity  increases  from  that  of  water  to  several  thousand  times 
this  value. 


Fio.  68.— CnAyoES  in  viscosity  of  albcmis  in  thi; 
mens  or  ooAotrLATioK. 


ihuM  of  the  Uom  «f  flow  tbroasH  tb«  oqiillarj 
TiMMiinttor. 

(Wo.  Ostwald,  1913.) 


The  general  theory  of  the  viscosity  of  such  two-phase  systems  has  been  treated  by  Hatschek 
(I010-1U3)*  Oertsin  conclusions  may  be  given  here.  Suppose  the  particles  themselves  are 
undcformable,  then  the  viscosity  is  independent  of  their  si/.c  atiil  i-i  a  liui  ar  functiDn  of  the 
volume  of  the  dispersed  phai$e  only.  The  matter  is  more  comphcated  in  tiie  case  ot  two  liquid 
phases,  emulsions  or  emulsoid  colloids,  and  the  change  of  shape  due  to  the  shearing  force  muat 
be  takf-n  into  account.  With  emnlsoids  ahnvo  ri  certain  con^'entratioii.  tlx  rt^  n  verj'  rapid 
ri^e  of  viscosity  with  further  increase  in  concentration,  Th«  uarti^ular  concentration  at 
which  thia  effect  begins  to  show  itself  varies  with  different  colloids  and  serves  as  a  measttre  of 
their  "  lyophilie  "  properties  or  afTinifies  for  the  solvent.  With  caseinogen  it  bog  tis  at  5  per 
c«nt.,  with  glycogen  at  25  per  cent.,  with  india-rubber  at  0  4  0*5  per  cent.  The  gipaf  swelling 
of  india-rubber  in  ita  solvents,  before  the  hydroeol  is  fornu^<l,  is  a  familiar  fact.  It  will  be 
dear  that,  in  the  inveeligation  of  snoh  syBteoM,  the  rate  of  shear  is  an  important  factor, 
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aince  on  this  (k-peiuls  tlm  degree  to  which  the  deformed  dropleU  are  able  to  return  to  their 
normal  retting  shape,  Bpherioal-or  polyhedral,  aooordiDg  to  tbe  relati^a  volume  of  the  tmo 

phases,  iralschtk  (HU.S)  has  improved  the  anparatus  of  uouette,  in  which  this  rate  of  shear 
can  be  altered  at  will.  It  ooosiats  esseutially  of  two  ooncentrio  cylinders,  the  outer  one  o< 
which  can  be  rotated  ftt  s  dedred  rate,  whfle  the  inner  one  ie  enspended  hj  a  wire.  The 

liquid  18  in  the  space  betw  een  the  two  and  thi'  f!.-L'i<^  of  torsion  of  the  \\\r^2  is  meuorad  bjf 
the  deflection  of  a  be&m  of  light  rcdtxittsd  from  u  mirror  attached  to  the  cylinder. 

In  this  connection,  some  observations  by  Ariaz  (1913)  are  <rf  intsMit.  These  experimente 
were  ma<le  to  determine  the  fluidity,  tliat  is,  the  inverse  or  reciprocal  of  viscosity,  as  a 
function  of  temperature  in  the  case  of  the  sol  aud  gel  of  gelatine.  It  wag  fuuad  tli&t  a 
oontinuous  curve  is  given,  so  that  there  i»  no  break  at  any  f>oint  and  the  process  is  a  uniform 
on>-  'I'lif  iTitfMpity  of  the  Faraday  etfect  and  the  elasticity  were  found  to  ehow  similar 
coniinuiiy.  The  method  used  in  the  cose  of  the  gel  was  to  determine  the  viscosity  by  the 
rate  of  change  of  shape  under  tJie  ection  of  a  ooaataat  foroa. 

SUMMARY 

Water,  of  all  substances  known  to  us,  is  endowed  witli  the  most  remarkable 
combination  of  properties,  all  of  which  play  a  part  in  contributing  to  tlie  iuiport> 
Mioe  of  its  aasooiatMni  with  living  processes. 

Among  these  properties,  we  may  note  its  high  8|>ecific  heat,  its  great  latent 
heatg  of  solidification  and  of  vaporisation,  its  good  l onduction  of  heat,  which  is 
nnuaually  high  for  a  non-metal,  its  point  of  maximum  density  at  4  above  iu  freez- 
ing point,  itfi  high  surface  tension,  its  transparency  to  radiant  energy,  its  solvent 
powers,  and,  as  a  solventi  its  ehemical  inertness  is  important^  and  its  large  dielactrie 
constant.  Ijk  the  majority  of  these,  it  stands  fai^^ier  than  any  other  substance,  and 
where  it  is  exceeded,  it  is  only  by  one  or  two  very  exceptional  liquids,  such  aa 
ammonia  and  prussic  acid.  ^Vhilo  some  of  these  are  dependent  on  each  other, 
otiiers  appear  to  be  independent.  The  manner  in  which  each  of  the^  characteristics 
intervenes  in  relation  to  living  organisms  is  given  in  the  text. 

Many  of  these  properties  find  a  satisfsctory  explanation  in  the  nature  of  water 
as  a  polymerised  compound,  consisting  of  three  degrees  of  aggregates^trihydrol, 

a  compound  of  three  m'olecules  of  H2O,  and  apparently  identical  with  ice ;  dihydrol, 
of  two  molecules,  present  in  largest  proportion  in  ordinary  liquid  water  ;  and  iioally 
monohydrol,  or  steam,  of  single  molecules.  The  relative  proportion  of  these 
to  one  anoUier  changes  as  tilie  temperature  varies,  so  that  passing  upwards  the 
concentration  of  the  polymMS  decieases  r^^ularly. 

The  application  of  heat,  therefore,  has  to  do  three  things :  decompose  the 

polymers,   heat  the  polymers  and  heat  the  single  molecnles;  Ihe  anomalies 

connected  with  the  specific  heat  of  water  are  thus  explained. 

The  point  nf  luaximuin  density  at  4"  can  be  explained  on  the  assumption 
that  ice,  or  triiiydrol,  exists  in  liquid  water,  since  ice  at  0'  has  a  lower  density 
than  water  at  0** ;  and,  as  water  is  heated  from  0*  upwards,  there  are  two  opposite 
processes  going  on,  dilatation  of  the  molecules,  according  to  role^  and  oontraetion, 
due  to  change  ice  to  water.  Sinoe  the  latter  process  is  preponderant  at  the 
lower  temperatures  and  nearly  absent  at  the  higher,  there  mntft  he  a  point  where 
the  difference  between  them  is  least. 

The  unusual  increase  both  of  viscosity  and  of  compressibility  as  the  temperature 

falls  is  also  explained  by  the  existence  of  y)olymer8. 

Certain  other  properties  of  water  are  to  be  explained  by  the  fact  of  its  being, 
of  all  liquids,  that  one  containing  the  greatest  number  of  molecules  per  unit 
ircdome. 

The  proof  of  the  exiatenoe  of  single  molecules,  monohydrol,  in  liquid  water 
is  given  by  consideration  of  solution  volumes  and  will  be  found  in  the  text. 

Many  solutes,  both  electrolytes,  ions  and  noo-eleotrolytes,  take  up  a  certain 
number  of  molecttles  of  water,  fonning  <*hydimtes."  Whether  this  is  to  he 
regarded  as  chemical  combination  appears  to  be  rather  a  matter  of  opinion. 

It  is  shown  that  the  theory  of  osmotic  pressure,  as  given  in  Chapter  VL,  is 
not  affiocted  by  the  hydration  of  solutes  nor  by  the  polymerisation  of  solvent. 
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Water,  to  a  very  small  extent,  is  electrolytically  dissociated.  The  value  of 
the  dissociation  constant,  obtained  by  four  independent  methods,  is  practically 
identica],  a  aatiifaetory  proof  of  the  ooireetneBS  of  tiie  aasmnptioa. 

This  electrolytic  dissociation  of  water  is  the  cause  of  the  "hydrolytic  diaaocia- 
tion  "  of  salts  of  weak  adds  and  bases  dissolved  therein. 

1  lie  properties  of  water  as  a  catalyst  are,  in  many  cases,  of  importance. 

Tiie  concentratioTi  of  water  in  reversible  reactioiis  of  hydrolysis  and  synthesif? 
is  a  potent  factor  in  the  regulation  of  reactions  in  protoplasmic  systems.  There 
are,  no  doabt^  meehanisms  of  a  eoUoidal  nature  present  in  such  systems  and 
efTective  in  bringing  abont  changes  in  the  aetive  concentration  of  water.  Diminu- 
tion of  water  favours  synthesis,  increase  favours  hydrolysis. 

There  is  evidence  that  certain  bacteria  can  be  completely  deprived  of  water 

without  causing  their  death.  Whnn  orcranisnis  become  encysted,  it  appears  that 
they  do  not  become  completely  dried,  but  that  the  membrane  of  the  cyst  is 
practically  impermeable  to  water. 

When  dry,  both  organisms  and  complex  organic  compounds,  such  as  enzymes, 
can  withstand,  without  destruction,  a  much  higher  temperature  than  in  the 
presence  of  water. 

The  molecules  of  liquids  in  their  movements  past  one  another  experience 
friction ;  this  is  known  as  their  internal  friction  and  gives  rise  to  their  viscoaity. 

The  part  played  by  the  viscosity  of  the  blood  in  causing  the  "peripheral 

resistance"  of  the  arterial  sy.qtem  is  pointed  out,  and  it  is  shown  that  this  factor, 
on  which  depends,  with  a  given  heart  beat,  the  height  of  the  arterial  pressure,  is 
due  to  the  internal  friction  of  the  blood  and  not  to  its  friction  against  the  walls 
of  the  blood  vessels. 

The  viscosity  of  ooUoidal  systems  depends,  in  the  main,  on  the  degree  of 
diiqMrsion  of  the  internal  phase.  In  the  case  tA  suspensoids,  the  maximum  of 
viscosity  is  at  a  medium  degree  of  di6per8i<m.  In  the  case  of  emulsoicte,  where 
the  internal  pha<;n  floformable,  there  are  more  factors  to  be  taken  into  account, 
especially  the  rate  ot  shear. 
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CHAPTER  IX  ! 

NUTRITION 

THE  USE  OF  FOOD 

j 

Food  may  l>e  defined  as  any  bubstance  taken  in  by  an  organism  and  made  use  i 
of  for  any  purpose.    The  uses  of  food  may  be  said  to  be  threefold.    When  an  j 
organism  is  increaaing  in  sin,  it  is  clear  that  the  additional  matter  laid  on  ; 
must  be  obtained  from  without.    In  the  adult  OCganiflm,  the  main  part  of  the 
food  is  used  to  alford  eDerij\'  for  intisculnr  mo\ (Miicnf ,  pm  liKtion  of  heat,  etc. 
But  there  is  aho  a  small  but  essential  part  rcqiured  for  the  repair  of  wear  and 
tear  on  the  part  o£  tiie  tissues  themseiveii,  even  in  the  adult.    This  may  be 
thought  to  be  identical  with  growtit,  but  we  shall  see  later  that  there  is 
evidence  to  show  that  certain  things  may  be  necessary  for  grow^  although 
not  so  for  maintenance.    Tt  is  as  if,  after  a  machine  has  been  oonstracted, 
certain  working  parts  only  i*e<juir('  repair. 

Pcrhapii  an  illustration  may  help  to  make  these  difi'erencea  clear.    A  petrol 
motor  in  process  of  construction  needs  the  supply  of  iron,  steel,  brass,  copper, 
porcelain,  insulation  material,  asbestos,  and  so  on.    Some  of  Uieae  cannot  be 
n'pUu  od  by  any  other ;  insulating  material,  for  example,  cannot  be  replaced 
bv  metal.    We  shall  find  analogous  conditions  in  the  growth  o£  living  things, 
'VVhen  the  engine  is  completed,  fuel  must  be  given  in  order  that  work  ma; 
be  d<»ie  by  it.    Tlus  fml  does  not  enter  as  a  oonstituont  of  tiie  iaWie,  and  I 
comspon^M  to  that  part  of  our  food  which  is  utilised  for  the  giving  of  energy.  If 
the  motor  is  kept  at  Work,  certain  parts  require  replacement  from  time  to  time, 
o^^'ing  to  their  wearing  out:  such  are  piston  rin!Ts,  lininirs  of  bearings,  etc.  These 
are  the  analogous  parts  to  that  fraction  of  our  food  wiiich  is  needed  for  repair  of 
tissue  waste,  or  maintenance.    We  may  note  that  certain  parts  practically  never  . 
require  renewal^  such  aa  the  fly>wheel  or  the  framework.   The  reader  will  probably  | 
ask,  what  does  the  lubricating  oil  represent?    We  must  not,  of  course,  expect  to 
be  able  to  push  our  simile  to  all  details  and  it  seems  to  fail  here.    The  agents 
known  as  enzymes  in  some  ways  correspond  to  the  lubriciitinjL!:  oil,  but  these  are 
formed  by  the  organism  itself.    On  the  whole,  water  and  .salts  are  the  nearest  food 
constituentB  representing  the  function  of  the  lubricant;  they  affbrd  no  energy,  but 
are  indispensable  to  the  working  of  the  living  machine.    We  may  also  compare  tbe 
waste  products  in  the  two  cases.    The  products  of  combustion  of  petrol  escape  in 
the  exhaust  gases  as  carbon  dioxide  and  water  vapour,  just  as  the  same  substances  are 
given  out  in  the  gases  expired  from  the  lungs.    The  waste  lubricating  oil  carries  with 
it  fine  partades  of  metal,  worn  from  the  cylinder  and  bearings :  in  a  similar  way, 
the  water  excreted  by  the  kidneys  removes  the  products  formed  in  the  wear  i 
and  tear  of  the  tissues,  in  addition  to  other  thintrs,  whose  meaning  will  become  | 
plainer  presently.    FSr  the  ])resent,  attention  may  be  called  to  our  nitrogen 
fotjd,  the  protein.«s  of  which  a  part  only  is  used  for  the  giving  of  energy,  the 
nitrc^iienous  part  being  excreted  as  a  waste  product,  urea,  by  the  kidneys.  Tfe 
can  imagine  something  of  this  kind  in  the  case  of  the  petrol  motor;  Sttl^MM 
that  there  were  an  incombustible  impurity  in  the  fuel,  and  that  it  were  con 
v(rted    by    the    heat   of   the   explosion  into   something   very  soluble  in  the 
lubricating  oil  of  the  cylinder,  it  would  then  pass  out  with  the  waste  oil,  j 
which  represents  the  urine.  , 
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NECESSARY  CONSTITUENTS 

From  the  three  different  purposes  to  which  food  is  applied,  it  will  be  obvious 
that  substances  necessary  for  ono  object  mny  tiut  bo  so  for  another.  There  are, 
however,  some  food-stufiFs  which  are  indispensable  for  all  purposes,  audi  as  oxygen, 
hydrogen,  nitrogen,  and  carbon. 

Oxygen. — T&s,  although  not  commonly  r^ioded  as  a  food,  la  actuaUy  the  most 
important  of  al).  life,  except  in  rare  cases  of  a  special  nature,  is  impossible 
vtthout  it  for  more  than  a  very  short  time.  As  already  pointed  out  (page  29)  the 
energy  of  thf  animal  body  is  derived  from  the  oxidation  of  food.  It  i^  important 
to  note  th.it  there  is,  in  the  auiuiai,  no  formation  of  sTib^stances  whieh  eri(low  the 
organism  with  more  energy  than  that  supplied  to  it  in  tlie  food.  Energy  given 
out  in  one  reaction  may,  however,  be  used  to  raise  energy  potential  in  another 
reaction,  as  we  shall  see  exemplified  in  the  case  of  muscle.  In  the  green  plant, 
on  the  contrary,  energy  derived  from  the  sun  is  made  use  of  tO  raise  the  enei|^  of 
carixm  dioxide  and  water  to  that  of  carbohydrate. 

WaUr  aiid  Salts. — xVlthough  these  substances  afford  no  energy,  their  supply 
k  es^tial  for  the  numerous  purposes  made  plain  in  the  preceding  chapters  of 
thii  book.  A  continued  supply  is  needed,  since  the  kidney  must  excrete  water  in 
order  to  dissolve  the  waste  products,  and  salts  from  the  blood  pass  through  the 
I'lomerular  filter  along  with  the  water.  C<»nsi(leration  of  the  osmotic  pressure 
of  these  salt^  thev  exist  in  tlie  bkKxl,  about  3"5  atmospheres,  shows  that  a  hirge 
amount  of  work  would  be  require<l  to  separate  them  from  the  water  in  which  they 
MS  dissolved. 

The  value  of  Cation  and  Hydrogen  as  giving  energy  by  oxidation  is  obvious. 
Their  beats  of  combustion  are  sidScient  to  show  this.  Ihey  ai-e,  of  course,  always 
in  various  forms  of  crribifiation  in  focwl  stufT.s,  so  tliat  the  whole  of  tlifir  energy  is 
not  available.  It  might  appear  that,  for  purj>ose.s  of  giving  energy,  liydrogen 
Alone  might  serve,  but  it  is  unuecessury  to  state  that  it  would  be  useless  as  gas 
sod  no  diemieal  compounds  except  those  with  carbcm  are  available.  Similar 
roDsiks  apply  to  carbon  itself..  These  two  elements  are  then  always  taken  in 
corabioation  and  in  fact  partially  oxidised,  since  the  hydrocarbons  are  too  inert 
chemically  to  adrnit  of  reaction  under  the  conditions  compatible  with  the  exi?!tence 
''f  the  protoplasmic  system.  The  special  value  of  carb*>u,  willi  respect  to  the 
great  variety  of  compounds  which  its  peculiarities  enable  it  to  form,  has  been 
pobted  out  on  page  41  above. 

The  position  ci  nitrogen  is  somewhat  different.  As  a  direct  source  of  energy 
its  value  is  small.  But  there  i.s,  as  we  shall  see  later,  a  certain  value  in  protein 
food,  even  as  a  source  of  heat,  notwithstanding  the  fact  that  its  nitrogen  is 
almost  immtniiately  excreted  unoxidised.  It  appears  as  if  the  ainino-acids, 
produced  by  the  action  of  enzymes  on  this  protein  food,  after  de«aiination  by  the 
fiver,  leave  certain  residues  which  are,  for  some  reason  or*  other,  more  readily 
'^'^i^list^'d  and  utilised  as  sources  of  heat,  perhaps  because  the  two*  processes  are 
[«rt>  of  the  same  reaction,  or,  in  other  wonis,  because  of  the  "nascent"  state  of 
the  ketonic  or  hydroxy-fatty  acids  formed. 

It  is  clear  that,  for  the  growth  or  repair  of  structures  containing  nitrogen,  this 
dement  must  be  suj^lied.  The  same  may  be  said  of  9%iifhur  and  phosphorm, 
vhidi  are  always  fomnd  as  constituents  of  cells. 

Notwithstanding  wkat  hss  been  mki  as  to  the  value  of  nitrogen  f<><Kl.  it  is  astonishing  how 
litU«  is  fitsolntely  necessary  for  the  mere  r?iHintonnnce  of  life  even  in  the  lii^her  annuals. 
M'CoUuin  (Wll,  I,  p.  212)  found  that  pigs  ma^  im  fed  on  a  diet  free  from  uilrugen  for  more 
than  three  weeks,  without  losing  weight.  Nitrogen  is  always  excreted,  none  the  less.  In 
M*Colluin'B  pigf,  the  nitrogen  excri'ted  ji«  r  dav  amounted  to  0  .11  g.  pt  r       of  SI  lbs.  weight. 

xn  the  caa*s  referred  to,  is  the  nunimum  amount  which  must  bt;  given,  theoretically, 
if  t^kiBs  of  nitrosao  is  to  be  prevented.  The  amount  of  nitrogen  given  off  from  wear  and 
t*ar  is Bometimes  Known  as  thi-  endogenous  protein  metnboltpm.  Tiie  value  of  0 'M  g.  just 
given  sboukl  be  contrasted  with  thut  of  12  to  15  g.  excreted  011  ordiuury  diet.  In  these 
particoUr  animals,  it  appears  that  the  naiDimam  quantity  required  for  repair  is  only  about 
'i  pv  cent,  of  the  whole  protein  metabolism  on  an  ordinary  diet.  The  question  of  the  nitrogen 
auumma  wiU  come  np  for  discussion  subsequently. 

Finally,  it  is  obvious  that  products  of  secretion,  containing  particular  elements, 
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require  the  supply  of  soinf  food  containing  these  elements.  For  example,  tb«e 
hydrochloric  acid  of  the  gasinc  juice  must  have  chlorine.  To  form  the  btemoglobin 
w  the  blood  corpuscles,  iron  is  necessary ;  since  a  nmnlier  of  tiiese  oorposcles  are 
r^ularly  broken  up,  new  ones  must  be  formed.  Ftobably  most  of  the  iron 
required  is  obtained  from  the  debris  of  the  old  cells,  so  that  comparatiTely  little 
further  supply  is  needed. 

To  avoid  misapprehension,  it  must  be  mentioned  here  that  re<^nt  investigatioas 
have  shown  the  neoessiU'  of  minute  qvantttaes  of  certain  organic  sahstanoes^  wluiae 
nature  is  as  yet  not  understood.   Details  will  be  found  below. 

THB  CHEBCIOAL  OOMFIiEXITY  OF  THE  TOOD-STUFFS  REQUTRKD 

The  ffT^tn  pUmt  is  able  to  obtain  its  carbon  from  the  carbon  dioxide  of  tlie  air, 
its  hydrogen  from  water,  and  its  nitrogen  from  nitrates  in  the  solutions  bathing 

its  roots.  It  in  pos<?ibIe,  therefore,  to  grow  such  plants  as  the  bean,  or  better,  t!^" 
wallflower,  from  the  seed  to  flowers  and  fruit,  witli  its  root^  iinmei^pd  in  a  solution 
containing  merely  potassium  nitrato  aud  some  other  inori^auic  salu,  sulphates  said 
phosphates  ol  cal<num.  A  trace  of  iron  must  be  present.  But  this  growth  is  on!  j 
possible  in  the  light  and  it  is  by  the  aid  of  radiant  energy  from  the  sun  that  'tfaie 
assimilation  of  carbon  is  made  possible. 

The  methods  by  which  in<»tr«ctive  experiments  of  this  kind  win  performed  will  be  found 
in  the  works  of  Damm  and  Aotou  (1894,  pp.  51-d5)  and  of  Maodongal  (1901,  pp.  223*232), 
in  addition  to  many  other  textbooks  of  ^pnonosl  physiology  of  plants. 

The  green  colouring  matter,  chlorophyll,  by  means  of  which  the  carbon  sssimilsi- 
tion  of  the  green  plant  is  otTected,  has  been  said  to  be  the  most  interesting  snbstanoe 

in  existence,  and,  beyond  doubt,  the  mechanism  by  which  alone  the  hij,'her  animals 
theni>:f>lves  are  enabled  to  inaintuin  their  life  is  of  the  utmost  importance.  Tbe 
question  w  ill  be  discussed  in  Chapter  XIX. 

When  we  investigate  thib  fungi,  many  of  them  highly  organised  plants,  but 
devoid  of  dilorophyll,  we  find»  as  would  be  expected,  tiiat  they  cannot  obtun 
their  supply  of  carbon  from  carbon  dioxide  alooe.  Sugar  appears  to  be  their 
be«it  source  of  carbon,  but  most  carbon  compounds,  unless  poisonous,  suffice,  with 
the  exception  of  the  very  simplest  ones,  such  as  formic  acid  and  urea. 

What  is  perhaps  more  remarkable  is  that  tiie  higher  fungi  are  unable  even 
to  use  nitrates  as  a  source  of  nitrogen,  which  the  grsen  plant  is  able  to  do. 
These  higher  fungi  require  ammonium  salts,  amines,  or  amioKMUnds;  althou<^h 
urea  cannot  afford  tlieni  carlx)ri,  it  suffices  as  a  source  of  nitrocrpn  Moulds  and 
certain  bacteria,  lower  fungi,  are  able  to  obtain  nitrogen  from  nitrates,  so  that 
this  capability  is  not  entirely  limited  to  the  green  plant,  and  it  is  not  neoessariiy 
connected,  as  might  be  thought,  with  the  use  of  the  sun's  energy  for  the  sssimila- 
tion  of  carbon.  At  the  same  time,  we  must  remembor  that  the  obtaining  of 
nitrogen  from  nitrates  is  common  to  all  green  plants,  whereas  it  is  only  a  few 
of  the  simplest  fungi  that  possess  it,  and  we  find,  moreover,  especially  amongst 
the  bacteria,  very  specialised  requirements  as  to  the  chemical  nature  of  their 
food-stufis.  I  may  instance  the  fact  that  it  was  found  impossible  to  cultivate 
the  tubercle  bacillus  with  success  until  glycerol  was  added  to  the  medium.  Otk 
the  other  hand,  there  are  some  bactwia  which  possess  the  veiy  ranarkable 
aptitude  of  using  methane  as  a  source  of  carVx^n  (Sshngeii,  1 905).  In  this  connection 
we  may  note  that,  although  certain  bacteria  are  able  to  utilise  particular 
substances  for  food,  it  does  not  follow  that  this  food  is  that  on  which  they 
thrive  best.   In  want  of  better,  they  can  put  up  with  it 

The  cmvmal  crgamtm,  even  in  its  lowest  fmrms,  the  protoioa,  is  satisfied  witii 
nothiuL;  less  complex  than  glucose  as  source  of  carbon.  As  regards  nitrogen, 
tlio  requirements  appear  to  be  ditFerent  according  to  the  purpose  to  which  it 
is  to  be  put,  growth,  maintenance,  or  source  of  energy.  The  experiments  of 
Grafe  (1912)  appear  to  indicate  that  ammonium  salts,  in  presence  of  excess' 
of  carbohydrate,  may  replace  wear  and  tear  in  the  dog  and  pig,  although  no 
tissue  is  laid  on.  Further  facts  bearing  on  this  question  will  be  found  in  die 
section  on   Protein  Metabolism  "  below,  together  with  its  probable  explanatioo. 
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The  Protozoa  are  apt  to  be  considered  as  very  prtmitive  organisms,  rudimentary 
smsestors  of  higher  animals,  because  they  are  unicellular.  But,  although  there  is 
n'»  doubt  that  higher  animals  liave  arisen  in  the  course  of  evolution  from  simple 
creatures  of  this  kind,  one  must  admit  that  the  protozoa,  as  we  have  them  now,  are 
complex,  lugiily  dilTerentiated  organisms.  The  Amoeba,  apparently,  cannot  be  grown 
on  ft  culture  flMdium,  unless  it  is  supplied  with  bacteria^  although  dead  ones  suffioOb 

As  a  general  rule,  we-  may  say  that  animal*  require  food  which  has  beOQ 
pr'^viously  built  up  by  the  plant.  They  feed  either  on  vegetable  matter  or  on 
other  acirTinls. 

It  was  believed  at  one  time  that  animals,  at  all  events  the  higher  ones,  required 
nitrogen  in  the  form  of  more  or  less  complex  proteins,  but  we  have  now  definite 
proof  that  the  products  of  hydrolysis  of  proteins,  amino«cids,  will  prevent  loss  of 
nilngBn  from  the  adult  animal*  ^ 

Optir  l  Actiiify. — In  connection  wiHi  the  remark  made  above  as  to  the 
preference  of  one  form  of  earlx>n  or  nitrogen  food  before  anothei-,  it  is  interesting 
to  note  that,  of  the  ammo-acids,  it  is  the  ^-series  only  which  is  utilised  for  the 
bonding  up  of  the  tissue  proteins,  although  there  is  evidence  that  the  opposite 
optical  isomers  can  be  used  for  energy  }>urposes,  although  not  so  readily.  In 
the  case  of  carbohydrates,  again,  it  is  only  the  d-series  that  is  easily  utilised. 
The  mistake  is  sometimes  made,  however,  of  statinff  this  use  of  one  scries  only  as 
an  absolute  fact,  whereas  it  is  only  relative.  Pasteur  (1860,  p.  33  of  the  reprint  in 
Ostwald's  "Klaasiker")  in  his  classical  work  on  the  separation  of  the  d  and  ^- tartrates, 
used  flMMilds  to  consume  the  dextro-acid  and  leave  the  other  intact.  As  soon,  how- 
ever, as  all  the  c^-add  was  exhausted,  the  mould  proceeded  to  consume  the  ^acid, 
so  that  the  rotatory  power  of  the  solution  passed  through  a  maximum.  Other 
iastanees  will  be  referred  to  when  enzymes  are  under  discussion,  and  the  general 
question  is  treated  in  a  later  section  of  the  present  chapter.  There  is  also 
prefoence  for  certain  disacehaiides*  and  here  the  utilisation  is  connected  with  the 
possession  of  particular  enzymes  which  hydrolyse  the  disaccharide.  The  facts  have 
i)een  chiefly  studied  in  the  case  of  differrat  species  of  yeasts.  Emil  Fischer  has 
also  <!hown  (1884-1908)  that,  of  all  the  possible  carbohydrates  of  the  general 
formula  CaH,„On,  ordinary  yeasts  can  only  act  upon  those  in  which  tiie  number 
iA.  carbon  atoms  is  three  or  a  luultipie  of  thiee ;  moreov  er,  of  those  of  the  same 
ooostitntioii,  but  of  dilEerent  stereochemical  configuration,  a  parUcukr  yeast  wUi 
ferment  one  at  a  much  greater  rate  than  another. 

Otie  of  the  most  striking  examples  is  that  of  the  sorbose  bacterium,  as  studied  by  Bertrand 
Acting  only  on  glycerol  or  on  sugars  with  a  terminal  alcohol  group  (UH^OH),  it 
attacks  a  CHOH  CToup  near  this  one,  transforming  it  into  CO  and  thas  producing  a  ketone. 
Moreover,  the  OH  of  the  group  attacked  must  not  be  next  to  the  H  of  a  neighbounog  CHOBL 

Glycerol  is  thoB  oxidised  into  clihy^droxyacetone. 

SnJfs. — As  already  stated,  these  are  necessary  for  all  organisms,  but  the 
requirements  as  to  particular  salts  vary  considerably.  This  is  one  of  the  problems 
with  which  the  agriculturist  has  to  deal  Apart  from  nitrates,  which  do 
not  come  under  ihe  head  of  salts  as  such,  potassium  and  caldum  seem  to  be 
indispeosable  and  other  salts  are  more  or  less  favouraVile.  The  reader  is  i-eferred 
to  the  monograph  by  E.  J*.  Russell  (1912)  for  further  information.  As  an 
iliostration,  we  may  refer  to  the  pioneer  work  of  Kuuliu  (1870),  some  a'^pectfl 
of  which  have  been  mentioned  above.  By  numerous  experiments  with  dillerent 
sslts  in  different  concentrations,  it  was  found  that  for  the  growth  of  Aspergillus, 
a  medium  of  the  following  composition  gave  better  results  than  one  in  which 
soy  one  of  the  constituents  was  omitted  or  present  in  another  concentration ; — 

Water   1,500   1    Magnesium  carbonate  -      -   0  40 

Cane-sugar,  ciystw  -      -      •     70    |    Ammonium  sulphate    •      •0  25 


Tartaric  acid  -       -  4 

Ammonium  nitrate      -       •  4 


Zinc  sulphate       -  0*07 

Ferrous  hulphato  -  -       -    0  07 

Ammonium  phosphate  •  •  O  GO  1  Potassium  silicate  -  >  •  0  07 
Pbtassiom  carbonate    -      -   0*60  • 


Note  that,  while  some  of  these  substances  are  foods  in  the  narrow  souse  ot  the 
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word,    i.e.,  utilLsed  actual    ronstitiierits    of   thn    cells-,    or   for   energy  or 

growth,  such  ns  sugar,  amraouium  nitrate,  phosphate,  iron,  and  potassium,  othert 
have  additional  functions.  Tartaric  acid  keeps  the  solution  acid  and  prevents 
the  growth  of  bacteria;  iron  serves  to  nsutnlise,  probably  oxidise,  injurious 
■abstences  formed  in  the  process  of  growth*  The  esae-sngsr  la  first  hydrolyBed 
by  an  en^me  in  the  mould  and  lactose  will  not  replace  it,  since  the  enzyme 


Fig.  69.    Diao&am  or  the  mrtuoojast  cycle,  fbom  the  atmosphkre  THuocaH 

PLAinS  AVD  ASniUlJB. 


required  to  hydrolvse  lactose  is  absent  Glucose,  of  course,  can  replace  it,  an(f 
it  is  of  interest  that  alcohol,  while  retarding  the  germination  of  the  spores,, 
serves  as  an  excellent  source  of  carbon  to  the  grown  plant. 

THE  NITROGEN  CYCLE 

It  will  have  become  sufficiently  obvious  that  tlie  continued  supply  of  carbon 
and  hydrogen  to  living  organisms  in  general  is  sufficientlv  provided  for  bj  the 
activity  of  the  green  plant  in  forming  sugar  from  the  carSon  dioxide  evolved  in 
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oonlmitioii  prooeBses,  inol^diiig  thoie  of  plants  aod  aaimala^  water  being  taken 
into  the  molecule  in  the  process.  Water  and  salts  are  also  readily  available  and 
soflbr  DO  degradation  of  eneigy  in  passing  throngh  the  origjanism.   Nitrogen,  on 


E 


TlO.  70.    Root  TUHIRCLB  OV  UBQUMIKOSA— About  oatural  eizo. 

A,  Lupin.   External  vievr. 

B,  DUgnm  of  longitudinal  MctioB  of  Infin  tabaidiib 

C,  Diagram  of  traosirarM  MCtioo. 

J^OIarrw. 

{Af  B,  C  from  VVoronine  ;  D  and  E  htm.  TttilkMnia. 
8u  Lots,  1904,  pp.  70  and  71.) 
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the  other  hand,  must  be  presented  to  the  green  plant  in  the  form  of  nitrate, 
in  order  that  it  may  be  further  synthesised  into  a  suitable  form  for  the  needs  of 
the  animaL  Atmospherio  nitrogeii  ii  useless  for  tins  purpose,  and  although 
aounonia,  which  is  formed  from  animal  excreta  and  from  the  debris  of  plants, 
chieOy  by  bacterial  agency,  can  be  utilised  by  the  higher  plant  as  a  source  of 
nitrogen,  it  is  by  no  means  the  normal  and  efficient  one  (see  Russell,  1912,  pp. 
30-31);  moreover,  in  the  conversion  of  the  residues  from 
plant  and  animal  into  ammonia^  a  oertain  amount  is 
slirays  lost  in  the  form  of  free  nitrogen.  It  is  therefore 
a  matter  of  fundamental  importance  for  the  continued 
existence  of  life  on  the  earth  that  some  means  should 
be  present  for  the  conversion  of  nitrogen  gas  into  a  form 
available  for  the  growth  of  the  green  plant,  and  also 
that  an  efieotiTe  mechanism  should  eodst  for  the  trans- 
formation of  ammonia  into  nitrates. 

The  diagram  given  in  Fig.  69  will  serve  elucidate 
the  process  by  which  these  requirements  are  met  and 
will  enable  a  shorter  verbal  account  to  be  given  than 
wmild  otherwise  he  neoessaiy.  Additional  Mails  may 
be  found  in  the  monograph  m  Bussell  (1912,  chap.  iv.). 

Following  the  direction  of  the  arrows  in  the  figure, 
and  starting  from  atmospheric  nitrogen,  we  notice  that 
there  are  two  ways  in  which  this  is  "fixed"  in  a  form 
availaUe  for  the  use  ol  plants.   In  the  first  place,  there 

are  bacteria  in  the  soil  which  are  able  to  obtain  their  nitrogen  from  the  atmos- 
phere. Their  existence  was  clearly  shown  by  Vinogradsky  (1895).  The  chief 
forms  are  a  Clostridium,  anaerobic,  isolated  by  the  observer  named,  and  AzoUh 
bacteTf  aerobic,  discovered  by  Beijerinck  (1901). 


Fig,  71.  Micro-organisms 
from    tubkrcle  of 

DeSMODIUM  GTRAIfS. 

Para  coltore.  Stained  with 
■ttbylane  blu«.  Sisa  oT 
OTgmnisnu,  l-3/xx37  /i. 

(Mias  Dawson,  1900, 
Fig.  6.) 
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Vinogradsky  recognised  that  the  process  required  energy  to  he  supplied,  aince  it  is 
endothermic  ;  in  experimental  work,  glucose  is  added,  and  a  considerable  amount  is  consumed : 
each  miUigrain  of  nitrogen  fixe<l  requiring  the  oxidation  of  500  mg.  of  sugar.  In  the  soil, 
ducomposiUoa  prodactQ  of  oelluloee  apparently  take  the  plaoe  ol  the  glaooee  as  aoaroet 
of  energ}'. 

The  second  process  is  peculiar  to  the  leguminous  plants,  together  with  a  few 
othM  Enasell  points  out  (ldl2,  p.  84,  footnote)  that  it  was  known  to  the  j 
Bomans  that  the  growth  of  vetches  (a  legaminous  plant)  on  ground  afterwards 
used  for  wheat  caused  an  increased  crop  of  this  latter.  In  Vergil's  "Georgies," 
Book  I.,  lines  73  and  following,  the  farmer  is  rpcommeiulod,  "before  sowing  his 
yellow  wheat,  to  take  off  a  crop  of  beans,  with  tlieir  rattling  pods,  or  of  the  frail 
offspring  of  the  vetch,  or  o£  lupins,  with  their  brittle  stalks  and  rustling  straw.  ' 
All  of  these  are  leguminous  plants,  be  it  noted. 

The  word  translated  *'  straw  "  in  this  passage  is  **  silva*' ;  but  it  is  difficult  to  see  in  wbat 
sense  a  field  of  lupios  could  be  called  a  "  wood. " 

The  reason  of  the  beneficial  effect  of  such  plants  was  discovered  by  Hellriegel 
and  Wilfarth  (1888).  They  showed,  in  the  first  place,  that,  adding  together  the 
nitrogen  of  the  soil  in  a  particular  culture  pot  to  that  of  the  plant*  grown  in  it,  j 
there  is,  in  the  case  of  oats,  always  a  little  less  than  that  originally  present^  but, 
in  the  ca$e  ol  peas,  always  more.  This  eould  only  oome  from  the  nitrogen  oif  ths 
atmc^phere.  At  this  time  it  was  already  known  that  the  nodules  on  the  roots  of 
leguminous  plants  contain  bacteria,  and  the  hypothesis  was  a  natural  one  that  these 
organisms  were  able  to  fix  nitrogen  and  hand  it  over  to  the  plant  in  some  way. 
Beijerinck  (1688)  isolated  the  organisms  from  the  root  nodules,  but,  although  they 
must  he  present  in  the  sml,  since  extracts  ol  soil  on  which  leguminous  plants  have 
been  grown  will  infect  the  roots  of  other  plants  of  the  same  order,  it  was  found 
impossible  to  discover  them  therein.  After  entry  into  the  root  hairs,  they  multiply 
rapidly  and  presently  form  a  nodule  on  a  part  of  the  root.  Inside  tlie  nodules 
they  change  to  Y-shaped  *'  bacterioids."  Fig.  70  sliows  roots  with  uoduleo  ami 
Fig.  71  (from  the  paper  by  Miss  Dawson,  1900)  gives  the  appearance  of  the 
bacteroidB.  The  chemistry  of  the  process  is  unknown.  The  final  product  is 
supposed  to  be  soluble  protein,  which  is  passed  on  to  the  plant.  IVom  what  we  i 
know  as  to  the  nitrogen  supply  to  the  tissues  in  animals,  it  seems  more  likolj  i 
that  it  is  an  amino  acid  or  amide.  In  any  case,  the  facts  are  of  great  practicai 
importance,  since  leguminosse  are  among  the  commonest  plants,  and  the  process 
is  independent  of  organic  matter  in  the  soil.  The  carbohydrate  required  to  aibid 
energy  for  the  work  of  the  microK>rganisms  is  obtained  from  the  plant  on  which 
it  grows.  The  growth  d  these  plants,  then,  always  leads  to  increase  of  orgsnie 
nitrogen  in  the  soil.  ' 

Owing  U>  the  two  processes  named,  the  green  j)lant  luis  been  enabltni  to  form 
proteins.    If  eaten  by  an  animal,  these  proteins  serve  as  nitrogen  food  for  it 
The  wsste  products  containing  nitrogen,  from  both  animal  and  plant,  some  of  j 
them  of  simple  composition,  such  as  urea,  others  more  or  less  insoluble  soHds,  on  | 
return  to  the  soil,  are  converted  into  ammonium  salts,  mainly  by  the  agency  of 
bacteria,  although  it  is  said  that  the  pioeess  may  take  place  slowly  in  the  presence 
of  antiseptics.    The  reaction  probably  consists,  in  the  case  of  the  more  complex 
compounds,  in  the  production  of  amino^ids  and  subsequent  hydrolysis  or  ouds-  j 
tion  ol  these.   Dunng  the  process,  however,  a  considerable  loss  tX.  nitrogen  in  the 
gaseous  form  occurs,  as  presented  by  the  thin  line  in  the  diagram.    This  loss  is 
supposed  to  be  dne  to  oxidising  bacteria,  but  the  question  is  not  yet  dec  ided.  ' 

The  ammonmm  salts  thus  formed  are  capable  of  serving  to  a  certain  extt:iji  ; 
as  nitrogen  food  for  the  green  plant,  indicated  by  the  ialei  rupled  line  in  the  | 
disgram  leading  back  to  plant  proteins ;  but  tliey  are  not  efficient  in  this  reqiect  | 
and,  according  to  Bussell  (1912,  p.  31),  plants  fed  only  on  ammonium  salts  ss 
source  of  nitrogen,  really  suffer  from  nitrogen  starvation. 

A  mennK  of  converting  ammonia  itito  nitrates  is  clearly  an  essential  requin^- 
ment.    Tiiis  is  actually  provided  in  the  following  way.    The  first  step  is  the  forma- 
tion of  ammonium  carbonate,  by  simple  chemical  reaction  with  alkaline  carbonates,  ; 
io  far  as  not  already  present  in  this  form.   This  anunonium  carbonate  is  rapidly 
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converted  by  a  5?pecial  organism,  Kitrosomonas,  into  nitrite  and  this  nitrite  again 

iiito  nitrate  by  another  organism,  Xitrobacter.  These  bacteria  are  always  present 

in  normal  soil  and  act  with  such  rapidity  that  only  traces  ot  either  ammonia  or 
nitrite  can  be  detected  in  the  aoil. 

TbefacioMi  raadily  be  olMerrad  by  adding  about  half  a  gmia  of  aoil  loM  0.0.  *A  a  oaltnre 

i«id  of  the  following  compodtion 

AtniDoniam  sulphate  •  •  0*6  |  Magnesium  sulphate  •  0*1 
Sodium  chloride  •  •  •  0'6  |  Feiroos  sulphate  -  •  O'l 
Potassium  acid  phosphate  •     0*25  Water  to  •      •      -      -  1,000 

&nii  to  50  o.o.  at>out  half  a  gram  of  solid  magnesium  carbonate  to  preserve  npiilmlity. 

Ailcr  tuur  weeks  or  so,  Uio  ammonia 'H'ill  be  found  to  have  disappeared  and  nitrate  to  have 

taken  its  place.   The  exietenoe  of  the  latlef  ean  be  shown  by  the  reaotion  with  dipbeoylainine 

nilphate  in  sulphurio  aoid. 

The  chemical  process  occurring  is  unknown,  but  the  bacteria  concerned 
have  rather  extraordinar}''  properties.  Carbon  dioxide  will  serve  as  source  <if 
carbon,  and  in  fact  it  seems  that,  in  cultures  in  xntro^  other  more  complex 
catbon  compounds  are  injurious,  especially  glucose  or  peptone.  But,  in  order 
to  syntbesise  cell  stnffis  from  carbon  dioxiae,  a  supply  of  energy  from  without  is 
necessary.  Light  is  out  of  the  question,  since  the  organisms  do  not  posaesa 
chlorophyll  and,  in  point  of  fact,  Hght  is  actuallv  fatal  to  thi-iu.  Tt  lias  been 
suggested  that  the  oxidation  o£  ammonia  and  of  nitrite  miii^ht  alTord  sutiicient 
eoergy.  The  injurious  effect  of  or^panic  matter  only  applies  to  artificial  cultures; 
in  the  aoil,  glocoee  baa  a  beneficial  e^t,  although  other  augara  are  inert  and 
nitrogen  compoanda  injariona.  The  orgaoiams  are  killed  by  a  tenipemture  of 
45'  0.  or  by  the  aheenoe  of  oxygen. 

Prepnir.it  ions  ontaining  nitrif\ini;  V)acteria  and  called  "  nitrau.nn  "  have  U^cn' soM  for  tlie 
purpose  of  improving  the  aoil,  but  their  beneficial  effect  is  doubtful  (see  Miss  Dawson's 
mvrctigationa,  1896  and  1900).  There  ie  erjdenoe  that  defidenoy  of  theae  organisma  may  be 
dee  to  ezeeanve  numbert  of  protozoe,  which  eonaanie  theni  (RuMell,  1019,  p.  118). 

The  normal  naeof  the  nitrates  is  to  form  plant  ptoitiua,  hut,  in  the  absence* 

of  oxy«pen,  they  rnpiHIy  disappear  if  not  made  use  of.  They  are  convert»Ml  Imck 
to  riitrr?t»^s  and  ammonia  on  the  one  hand,  as  shown  by  the  dotted  lines  on  the 
(ii^rani,  and  to  free  nitrogen,  on  the  other  liand,  as  shown  by  the  thin  line.  Many 
TiriooB  forms  of  bacteria  are  oonoemed  in  the  process,  producing  also  a  namber 
of  aabatanoee  other  than  those  named. 

On  account  of  the  importance  of  nitrates  as  food  for  plants,  and  indirectly  for 
atumfils.  any  means  of  obtaining  them  from  the  atmosphere  by  non-livin«x  afjency 
is  of  value.  It  has  long  been  known  tliat  the  oxygen  and  nitrogen  of  the  air.  in 
prfeience  of  water  vapour,  can  be  caused  to  combine  by  the  electric  spark,  fornuii^ 
nitm  acid.  Of  recent  year%  the  proceaa  haa  been  developed  on  a  commercial 
•cale  by  the  use  of  laige  electrie  arcs,  spread  out  by  magnetic  action ;  considerable 
•quantities  of  nitric  acid  are  made  yearly  in  situations  wbete  there  is  abundant 
»ater  power.  Tn  Rirkeland's  process,  worked  chieliy  in  Norway,  tlio  arc  is 
produced  by  an  electromotive  force  of  0,000  volts  and  is  spread  out  into  a  disc 
of  2  m.  in  diameter,  having  a  temperature  of  some  3,000*.  Again,  Oalcium 
ryanaoiide  is  formed  when  nitrogen  is  passed  over  calcium  carbide,  heated  to  1,000*. 
Calciam  carbide  itself  is  produced  in  the  electric  furnace  from  lime  and  carbon. 
Calcium  cranamide  ^ves  ammonia  when  acted  on  by  water  and  was,  at  one  time, 
advocated  for  tlie  purpose  of  supplying  nitrogen  to  plants.  Another  process, 
apparently  of  great  ethciency,  has  recently  l)een  discovered  by  Haber  (1914;. 
Bv  compressing  a  mixture  of  hydrogen  and  nitrogen  and  causing  it  to  be  acted 
on  by  a  certain  catalyst  at  a  high  temperature,  anunonia  is  formed  by  direct 
ct>mbinatiou,  in  large  proportion.  By  passing  this  over  another  catalyst^  it  is 
oxidued  to  nithc  acid. 

THE  THREE  CLASSES  OF  ORGANIC  FOOD-STUFFS 

For  the  fo<Kl  »»f  the  higher  animals,  it  is  usuallv  of  advantage  to  make  up  the 
rrijttirements  hj  a  combination  of  certain  proportions  of  fat,  carU»hydrate,  and 
protda.   Fat  is  of  ralue  on  account  of  its  high  potential  energy,'  being  less 
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oxidised  tlian  cmbohydrate.  It  is  not,  of  course,  a  necessary  Hrticle  of  diet, 
since  it  can  be  formed  in  tiie  organi&m  from  carbohydrates.  A  cerldin  amount  of 
carbohydrate  appears  to  be  »  matter  of  necessity,  as  we  liiall  see  later.  And, 
although  the  whole  of  the  energy  requirements  could  be  supplied  W  protein,  it 
would  be  very  wasteful,  sixu^  only  a  comparatiTely  small  amount  of  idtrogen  is 
fictiifillv  rorjnired.  Thp  point  is  thrit  a  minimum  total  »'n»>r<:^  value,  Tis;ual]v 
exprii.sbeci  m  lieat  units,  must  be  supplied  to  an  animal,  in  oi-der  to  prevent  loss 
of  body  substance. 

SPECIAL  REQUIREMENTS 

As  organisius  increase  iu  coiuplexity  in  the  course  of  evolutiuii,  it  appears  iLat 
their  capacity  of  synthestsing  the  innumerable  compounds  of  which  they  consist 


Fig.  72.   Fah-uke  of  kats  to  grow  on  a  pure  syNXHEXic  dist. 

Orriiiat—  amtye  wtigbt  of  animal  in  gnuna. 
AbodaMB  thne  in  d»y«. 

Lower  curve  (as  f.ir  as  Um  XStfa  d«y>— right  male  tUtM  OH  ]MirB  diiMt  ftaa  fram 

' '  accessory  <actor. " 
Upper  curve— eight  ibailarntto  taking,  iii  addition,  S  cc  of  milk  per  day. 
On  th«  ISth  diy,  tn«rk«d  by  vartioal  dotted  lioe.  the  adJitan  of  milk  was 

dhaiuid  ft«ai  one  set  to  tM  other. 

(Hopkins,  1912,  p.  433.) 

is  diminished.  There  are  certain  differences  as  regards  requirements  for  growtli, 
maintenance,  or  energy,  so  that  a  diet  which  is  adequate  as  a  supply  of  energy, 
that  is,  one  which  has  a  sufficient  calorie  value,  may  be  inadequate  for  replacing 

wear  sad  t^ar,  while  a  diet  which  is  adequate  for  this  purpose  may  be  unal^  to 
allow  growtli  to  t.ike  place.  Hopkins  (1912)  showed,  for  example,  that  young 
rats  if  fed  on  mixtures  of  pure  cfiseino<>en,  fat,  carbohydiate,  and  salts  rapidlv 
cease<l  to  grow,  although  the  energy  value  of  the  diet  was  amply  suthcient  for  iLtj 
purpose.  On  the  other  hand,  if  a  minute  quantity  of  fresh  muk  (3  cc.  per  day) 
was  added  to  the  diet,  growth  recommenced  and  went  on  rapidly.  Fig.  72  is  a 
representation  of  one  of  these  experiments.  It  is  to  be  noted  that  these  amounts 
of  milk  merely  added  some  4  per  cent,  or  less  to  the  total  solid  eaten  and  air 
altogether  inadequate  to  account  for  the  increased  growth,  which  amounted  to 
about  half  a  gram  per  rat  per  day,  whereas  the  total  solid  eontent  of  tiie  milk 
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a<lded  woiil^l  not  be  more  than  about  0-08  g.  The  experiment  is  referred  to 
at  this  point  merely  as  an  illustration  and  will  be  discussed  further  later  on.  We 
may  note,  however,  that  the  active  coDBtitueiit  of  milk  is  not  one  of  the  known 
onas.  Milk  freed  from  protein  and  aalts  ia  equally  effective  and  it  was  shown 
some  time  ago  by  Luuin  (1880,  p.  37)  tbat  a  '  synthetie"  milk,  containing  all  the 
known  constituents,  will  not  serve  a*^  a  oompleto  diet. 

We  V.  i!!  now  proceed  to  att^^nipt  some  kind  of  analysis  of  the  different  burts  of 
those  special  constituents  of  food,  of  which  only  a  minute  amount  is  required,  bnt 
which  is  essential.  At  the  onteet,  it  Ib  dear  that  Btich  substances  cannot  he  required 
for  energy  purposes  directly,  so  that  the  part  they  play  must  be  either  in  growth  or 
maintenance  of  cells,  or  clf^e  as  hormonea  or  rata]y?^ts,  the  function  of  which  wdl 
V)e  explained  prfsontly.  As  regards  growth  and  maintenance,  tliere  is  cviil*  nee  tliat 
a  particular  substance  may  be  necessary  for  the  foi-nier  but  not  so  for  tlie  latter. 

1.  At  Components  of  Tiuuts 

The  tissue  protein??,  as  we  have  seen  (page  103),  are  composed  of  a  corisideraljlo 
number  of  different  amino-acids,  so  that  this  question  resolves  itself  into  the 
capability  of  the  organism  to  synthesise  for  itself  all  these  constituents,  op^  whether 
it  liae  to  depend  upon  the  supply  of  some  of  them  from  the  outside.  The  green 
plant  needs  no  further  nitrogenous  food  than  nitrates,  so  that  the  constituents  of 
its  proteins,  which  are  identical  with  those  of  animal  protein,  must  be  formed  in 
the  organism  itself.  One  of  these  plant  proteins,  gliadin  from  wheat,  contains 
alanine,  valine,  leucine,  phenylalanine,  tyrosine,  serine,  cystine,  pro^ne,  aspartic 
and  glutamic  acids,  tryptophane,  arginine  and  liistidine.  For  the  chemical 
oottstitution  of  these^  the  reader  is  referred  to  the  monographs  by  Flimmer 
(1912,  1913). 

An  interesting  direct  proof  uf  syntht'sis  of  Rome  of  them  has  been  given  by  Al»derhulden 
and  Kona  (1905),  who  gr«w  the  mould,  Aspergillos,  on  a  culture  fluid  oontaining  only 
potaniiUD  nitnte  as  wtmtvb  of  nitrogen  and  osne^sagar  sotnrce  of  earbon.  Tlie  amioo-aoida 
were  then  separated  by  the  esteritieatioii  methfMl  of  Eniil  Fischer  (aee  Plimmer's  monograph, 
1912,  pp.  22,  etc.).  Glycine,  alanine,  leucine,  aspartic  and  glutamic  acida  wera  separat«l  and 
identified.  Tbo  absence  of  aromatie  derivatives  Is  notable. 

Althou^  the  plant  ta  eapaUe  of  such  varied  synthetac  prooessea,  it  is  remark' 
able  that  the  power  has  b&en  lost  to  a  lai^  extent  by  the  animal  organism. 
A  certain  limited  eiqiMcity  is,  however,  known  to  exist,  and  it  is  possible  that 
further  instances  may  bo  found  in  the  future.    Glycine  can  be  formed  in  the 

higher  organism,  as  was  shown  by  Mas^uH-Lev^^  (1907  ). 

Two  lines  of  evidence  may  be  cited.  The  proteins  of  milk  contain  only  about  0*3  per  cent, 
of  ^yohie,  Imt  a  saokteg  osu  can  baild  up  78  g.  of  tissue  protein  oat  of  100  g.  of  milk.  Now 

thii  anirrial  ti^-suc  protein  contains  at  least  2'5  g.  of  glycine.  Again,  m'Ik n  > '^Ti/.nio  acid  is  • 
given  to  an  animal,  it  becomes  conjugated  with  ^Ivcine  to  form  hippuric  acid  lbcnzuyl-glyoine)|, 
which  is  excreted  by  the  kidney.  A  rabbit  which  was  eetimatMi  to  contain  6*6  g.  of  glycine, 
"xcreted  8  g.  of  this  amino-acid  in  combination  with  Iniizoio  acid,  when  the  latter  mt? 
iidministered  to  it.  This  experiment  is,  perhaps,  not  altogether  convincing,  on  accouui 
of  the  anoertainty  in  the  actual  content  of  the  rabbit  in  glycine,  although  it  is  improbable 
t};at  all  the  glycine  containing  ttMmee  shonld  be  deoompoieed  in  each  a  way  as  to  give 
up  I  lie  whole  of  Lheir  glycine. 

Hart  and  Humplirsy  (1915)  showed  that  special  proteins  are  necessary  for  the  best  pro- 
duction xA  milk  ;  hence  the  capacity  of  cows  to  synthesize  amino-acids  is  Umited. 

We  must  admit  the  possibility  of  the  formation  of  alanine  also  in  the  following 
way.  Embden  and  Kraiis  (1912)  shewed  that  lactic  acid  is  formed  by  the  liver 
from  glycogen,  and  Knoop  (li^lUj  that  the  liver  can  iivnthesise  o-hydruxy  acids 
with  ammonia  to  form  the  corresponding  o-amino-aoids  j'  from  laotic  aoid,  alanine 
is  therefore  obtained  thos 

CH.  CH, 

(IhOH        NHg  m  c1b.NH^  *  HgO 

I  I 
COOH  COOH 

Moreover,  Cmbden  and  Schmitz  (1910)  actually  found  that  a  liver  rich  in  glycogen 

showed  a  oonsiderable  formation  of  alanine  when  ammoninm  chloride  was  added  to 

the  perfoBon  floid.  The  liver  can  also  use  the  ketonio  add  for  synthesu  of  the 
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coriespi  i  n  i  n  ig  amino  acid.  It  is  only  necessary  then  to  supply  this  organ  Mrith  the 
appropriate  iiydroxj  or  ketonic  acid  in  order  that  an  amino-acid  may  be  formed  by 
it.  However,  we  know  as  yet  of  no  o-hydtoxy  or  o-ketome  add  produced  by  the 
organism  with  the  exception  of  lactic  and  pyruvic  acids,  both  <rf  which  ^^wi^^  alanine. 
Dakin  and  Dudley  (1913,  1)  have  shown  that  many  amino-acids,  in  tact  all 
examined  by  thorn,  namely  glycine,  alanine,  valine,  leucine,  phenyl-alanine  and 
aspartic  acid,  undergo  spontaneous  dissociation  at  low  temperatures  into  the 
corresponding  a-ketonic  aldehyde  and  ammonia.  The  reaction  is  no  doabt 
reversible  ana  probably  catalysed  by  an  enzyme,  so  that  tiie formation  of  an  amino* 
aoid  from  the  hydroxy  acid  seems  to  peas  through  the  intermediate  stage  of  the 
correqwnding  ketonic  aldehyde.   Thus : — 

R.CH.  NH2.COOH  Jr.CO.CHO  +  NH3. 
Glycine,  alanine,  aspartic  and  glutamic  acids,  and  histidine  have  been  shown  to  form 
glucoiie  in  phloridzin  dial>ete.s  (see  Ringer  and  Lusk,  1910  k    Since  the  reactions 
concerned  are  reversible,  these  aniijio  acids  might  be  formeil  m  the  organism  from 
glucose  and  ammonia* 

The  experiments  of  Henriques  and  Hansen  (1904)  are  of  interest  in  this 
connection.  They  fonnd  that  rats  could  l)e  maintained  in  nitrogen  equilibrium, 
that  is,  without  l<)ss  of  nitrogen,  if  they  were  fed  on  the  m()nf)-amino-fractiou  of  the 
products  of  digestion  of  proteins.  Since  the  tissue  pix»teius  contain  diamino-acids; 
there  must  have  been  synthesis  of  tAiese^  if  the  results  are  correct. 

Hindhedo  (1914)  finds  that  tiie  minimum  nitrogen  required  with  a  diet  of 
bread  is  the  same  as  that  with  potatoes ;  it  seems  that  wo'must  conclude  that  no 
6p»><  !nl  kind  <»f  amino-acids  is  necessary,  ;it  all  events  for  maintenanfe. 

<  >n  the  oilier  hand,  we  have  to  remember  tliat  it  is  possible  for  a  diet  to 
contain  all  that  is  necessary  for  repair  of  adult  tissue,  although  it  may  not  contain 
some  constituent  required  for  new  growth.  If  this  cons^tuent  cannot  be  formed 
in  the  organism  itself,  it  is  clear  that  the  diet  will  be  inadequate  for  growth. 
This  fact  has  already  been  insisted  upon.  Osborne  and  Mendel  (1912,  2)  have 
maintained  adult  rats  for  as  lon^  as  .^30  days  on  ijliadin  and  protein  free  milk. 
Now  gliadiu  is  wanting  in  glycine  and  lysine,  which  are  neoessary  as  constituents 
for  the  growth  of  new  tissues,  and,  in  met,  experiment  showed  that  the  diet  in 
question  was  actually  inadequate  for  growth.  It  seems  probable  that  the  wear 
and  tear  of  the  cells  does  not  iuTolve  disintegration  of  that  particular  protein 
which  contains  ly<:ine,  or  that  the  group  containing  lysine  may  be  left  intact 
when  other  parts  are  split  otl. 

There  is  another  way  in  which  the  want  of  a  paiticular  constituent  in  diet 
may  be  of  importance.  As  we  shall  see  in  more  detail  later,  tiiere  are  numeroiis 
substances  produced  by  various  organs  which  act  upon  other  organs,  such  as 
adrenaline.  These  are  essential  for  the  normal  functions  of  the  organism,  so  that 
if  thpy  require  for  their  production  some  particular  chemical  <jroin>ifiir,  which  the 
organism  itself  is  unable  to  supply,  this  grouping  must  be  present  in  the  food, 
otherwise  normal  life  is  impossible. 

There  is  no  doubt  that  TryptojphasM  is  of  especial  importance.  This  substance 
is  found  in  most  proteins  used  for  food,  and  has  the  constitution :— > 

\  /  UOUH 
NH 

that  i^,  indol-amino  propionic  acid,  ^ow  the  protein  of  maize,  zein,  is  peculiar  in 
containing  no  tryptophane.  Hopkins  and  Wilcock  (1906)  found  that  mice  wern 
unable  to  live  for  more  than  nb  uit  twenty  days  on  a  diet  of  zein,  carlwhydrate, 
and  fat.  Whereas,  if  tryptopiiuae  were  added,  the  animals  not  only  lived  much 
longer,  but  were  obviously  in  better  condition. 

Further  evidence  is  afforded  by  the  experiments  of  Henriques  (1907)  in  eon* 
junction  with  tho.so  of  Abderhalden  and  Fmnk  (1910).  It  has  been  mentioned 
a)><-\»^  that  the  products  of  complete  enzyniic  hvdrolvsis  of  protein'?  are  sufficien" 
as  protinii  diet.  Further,  if  the  proteins  are  hydruiysed  by  the  action  of  acid, 
provided  that  the  hydrolysis  be  only  carried  on  for  six  hours,  it  was  found  by 
Henriques  that  the  products  were  also  able  to  maintain  nitrogen  eqnilibrioiii 
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Whereas  if  the  hydrolysis  were  allowed  to  proceed  for  seventeen  hours,  the 
Mnlting  product  was  useless.  The  onlr  detectable  difference  was  that  the 
tiyptophane  reaction  was  stiU  present  after  six  hours,  absent  after  aeyentecn 
hoars.  AbderlmVIon  ^r\<\  Frank  complptely  hydiolysed  horse  flesh  by  boiling  with 
cnlphiiric  acid  and  then  added  0  5  per  cent  of  trytopliane.  The  mixture  wns 
adequate  for  dogs.  It  is  impossible  to  say  definitely  what  the  functiou  of 
tryptophane  is,  perhaps  for  the  elaboration  of  some  internal  secretion,  as  suggested 
by  HopkinSr 

.The  experiments  of  Osborne,  Mendel,  and  Ferry  (1912,  1)  prove  undoubtedly 

that  a  prot^Mn  as  unlil-f*  the  tissue  proteins  as  gliadin  is,  can  serve  for  the  purpose 
of  forming  new  tinsues,  through  the  intervention  of  the  adult  animal.  The 
experiments  given  on  pp.  486  and  4:86  of  their  paper  are  instructive.  A  rat 
was  fed>  lor  178  days  on  a  diet  consisting  of  gliadin  only  as  protein,  along  with 
proteu^free  milk  carbohydrate,  and  fat;  at  the  end  of  this  time,  fonr  young 
rats  were  bom.  Of  these,  after  thirty  days'  feeding  by  the  mother's  milk, 
three  were  put  on  a  normal  diet  while  the  fourth  received  gliadin  food  similar 
to  that  which  the  mother  had  been  receiving  all  the  time.  The  three  former 
grew  well,  but  the  latter  qaickl^  began  to  ful.  The  diet  which  sufficed  for  tho 
sdultk  not  only  for  its  own  mamtenanoe,  but  also  for  prodncUon  of  young  and 
■^retion  of  normal  milk,  was  insufficient  for  the  growth  of  the  young  animal, 
it  will  be  noticed  that  tho  rf>quisite  substances  were  present  in  the  milk  secreted 
by  the  mother,  since,  while  fed  on  this,  the  young  rats  showed  normal  growth. 
The  adult)  therefore,  has  the  power  of  forming  some  substances  out  of  other^i  ni 
the  diet,  which  power  is  not  posseased  by  tiie  young  animal,  so  that  they  roust 
be  supplied  to  it  from  without.  It  will  be  seen  tlmt  these  experiments  do  not 
altogether  decide  the  question  as  to  whether  the  failure  to  grow  was  duo  to  want 
r>f  lysine  in  the  diet  or* to  want  of  some  "  a<  cf\->s(>ry  factor."  The  fact  that  when 
casein  wo^  substituted  for  gliadin,  the  diet  wius  adequate,  indicates  that  the  former 
was  the  case. 

The  function  of  sine  in  the  growth  of  Aspergfllns  should  also  be  referred  to 

under  the  head  of  accessory  food-stu£&,  since  it  appears  from  the  work  of  Bertrand 
and  JavilHer  (191  "2,  2)  that  it  enters  as  a  constituent  into  tlie  plant  itself.  Of 
course,  it  is  not  uccessarily  implied  that  it  forms  a  part  of  the  chemical  structure 
of  protoplasm  itsell 

2.  Ab  Aeemory  F4»etort, — ^We  have  seen  that  gliadin,  in  the  experiments  of 
Osborne  and  Mlendel,  although  lacking  in  lysine  and  insufficient  for  growth,  a^ipears 
to  be  adequate  for  niaintpnfince,  although  the  results  of  Hopkins  and  Neville 
(1913)  throw  sonie  doubt  on  ita  adequacy  for  any  length  of  time  even  for  this 
purpose.  Now  there  are  other  substances,  of  which  a  very  minut*;  amount  only 
is  required,  but  in  whose  absence  a  diet,  otherwise  perfectly  iidequate  even  for 
growth,  is  unable  to  preserve  life.  There  are  several  sets  of  facts  derived  from 
difTerent  kinds  of  phenomena  which  prove  this  statement. 

As  Dniiiy  1)1  these  experimenta  were  made  on  rata  and  mice,  and  eonie  investigators  hold 
that  theee  BmAli  animals  are  inappropriate  for  metabolism  experiroentB,  it  is  well  to  refer  to 
tin  oinnuiislaiioes  pointed  out  by  Hqpkins  (1912,  p.  427)  that  for  the  kind  of  experiments  in 
ijuestion  such  amaU  animiils  are  efp-cially  valuable ;  a  number  can  be  dealt  with  at  the  same 
time,  and  the  foot  that  their  metaboUc  processes  are  rapid  is  important,  especially  for 
uKIwriBieiits  on  growth* 

To  turn  to  the  experiments  themselves,  Hopkins  fl012\  one  of  whose  curves 
is  given  in  Fig.  7*2  (page  254),  showed  that  a  trace  of  fresh  milk  added  to  a  diet, 
on  which  othorwise  rats  ceased  to  grow  and  ultimately  died  in  about  tweuty-ij<i% en 
days,  made  it  perfectly  normal.  We  notice  that  even  maintenance  at  the  weight 
attained,  except  for  a  short  time,  is  impossible  without  the  addition.  The  active 
Bubstance  in  milk  must  have  l>een  present  in  extraordinarily  minute  amount. 
Protein-free  alcoholic  extracts  of  milk  •^nlids.  as  well  as  the  eth»M'  extract  of  the 
dry  residue  of  the  alcoholic  extract,  cou'aining  no  inorganic  constituents,  ns  also 
the  boiled  watery  extract  of  mangolds,  were  eiOfective.  The  constituent  is  there- 
fore neither  protein  nor  aalts;  lactose  can  also  be  excluded,  nnoe  the  addition  of 
it  to  the  diet  is  useless,  and  we  have  seen  from  Lunin's  experiments  that  a  diet 
QOQtsining  casein,  butter,  lactose,  and  salts  is  insufficient  as  a  diet. 
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We  may  make  a  rough  calcuUtinn  ris  to  tho  maximum  possible  amonot  of  the  acure 
constituent  in  2  c.c.  of  milk  thus:  milk  contaiAs  onh'  about  4  per  cent,  of  etber-solable 
constituents,  so  that  2  c.c.  would  oootaia  008  g.  Moreover,  Stepp's  ezperitnenta  (1909  and 
1911)  enable  us  to  exclude  the  gr  an-r  part  of  these.  This  observer  fed  mice  with  bread  and 
milk  which  had  been  extracted  wiiii  alcohol  and  ether  ;  he  found  that  sacb  a  diet  kept  theio 
alive  for  only  three  to  four  weeks,  whereas  if  a  minute  amount  of  tho  diy  residue  from  thti 
extracts  were  added,  they  lived  indefinitely  and  appcRrcd  to  be  in  normal  condition.  In 
further  work  (1913)  Stepp  finds  that  ether  alune  d<x;i>  uut  extract  the  important  coastitaenv 
from  dry  food,  although  aloobol  alone  does  so.  He  also  found  that  tdbe  edaitioa  of  tJbe  aeotnl 
fat  of  milk  was  ineffective ;  as  were  also  lecithin,  cholesterol,  cephalin,  cerebron,  or  phytia. 
We  may  therefore  subiract  from  the  above  O  OS  g.  in  Hopkins'  diet,  that  part' consisung  of 
fat,  lecithin,  cholesterol,  etc.  This  would  leave  scarcelv  more  than  a  few  milligrams,  if  * 
much.  Other  evidence  is  that  boiled  watery  extracts  of  mangolds,  which  wo  il  !  n^t  (xmtain 
more  than  a  trace  of  lipoids,  are  active,  as  Hopkins  found.  We  must  theretore  agree  with 
Hopkins  that  a  catalytic  or  stimulating  inflnenoe  o{  •One  kiiid  ie  mace  likely  then  tlwt  ae 
actual  tissue  constituent  is  supplied. 

St<*pp  holds  that  a  "lipoid  "  of  some  kind  is  responsihle  for  the  result  produced 
hx  tlip  f'\trH<-ts  ill  question.  There  are,  Iu>\v#'ver,  other  .substances  present  m 
bread  and  uuik  which  are  soluble  in  alcohol  and  even  to  aome  extent  in  ether. 

Osborne,  Mendel,  Ferry,  and  Wakeouuk  (1913)  find  that  the  "amnry 
factor"  for  growth,  contained  in  milk,  goes  into  the  fatty  part  of  the  batter. 
This  contains  neither  nitrogen  nor  phosphorus,  so  that  the  active  substance  n 
not  a  lecithin-like  sub.stance,  nor  like  Funk's  "vitamines,"  to  be  mentioned 
presently.  The  fact  that  it  is  soluble  in  fat  clf»es  not,  of  course,  necessitate  the 
conclusion  that  it  is  of  fatty  nature.  Funk's  vitamine  must  belong  to  another 
class  of  substances,  or,  more  probably,  the  nitrogenous  substance  which  he  bsi 
analysed  is  not  the  really  actiire  one. 

According  to  MTollnm  iind  Davis  (lt)ir)\.  there  are  two  grrmjx*  of  these  factore,  neithtf 
of  which  is  etfective  alone.  Hats  will  not  grow  on  polished  rice,  even  if  wheat  germ  be  addt^i ; 
nor  if  bntter  alone  be  added.  Both  toother  make  the  diet  ad^nate.  That  contained  in 
wheat  germ  is  soluble  in  water,  not  in  nit,  and  nuiy  be  calK-d  *' water-'^rlnKil,-  p,  factor";  the 
other  ie  the  "fat-soluble  A  factor."  In  Hopkiiia  experiments,  frei*h  milk  contained  both. 
The  deleterious  effects  due  to  the  abnencc  of  these  factors  do  not  appeur  at  onoCL  Tbey  ar« 
subject  to  a  delay  of  some  day^'  This  .^hows  that  they  do  not  tapi  ily  disappear,  although 
they  must  be  present  in  very  small  uiiiuuut.  The  fact  indicates  tiiai  they  do  not  undiTi^o 
chemioal  change,  like  food-stuffs  properly  so  called.  The  way  in  which  they  aot  ia  unknowr] 
at  present,  *int  the  chemist  will  b<>  remiruled  of  the  phf>nomena  called  "catalytic,"  ui  t»e 
discussed  in  L  hapter  X.  They  appear  to  be  excreted  unchanged  in  the  urine  (Gaglio,  1^1% 
Researches  on  8cur^'v  show  that  a  third  factor,  the  anti-aoorbntio  or  C-faofcor,  mwt  be  added 
(Hanlcn  luid  Zihvu,  1019). 

Tiiere  is  no  reason  to  siippoS(^  that  tlie  diet,  containing  nraino-acids  as  solo 

source  of  nitrogen,  which  was  found  by  Loewi  and  others  to  be  capable  of 

maintenance,  or  even  a  certain  d^ree  of  laying  on  of  protein,  was  free  from  the 

<' acc  e  ssory  foeton"  in  question,  since  unextracted  carbohydrate  was  added  to 

the  food. 

There  is,  on  tlie  whole,  considerable  evidence  that  a  diet,  wanting  in  something 
nece.ssary  lor  grawfh,  may  nevertheless  be  capable  of  keeping  up  the  general  con- 
dition in  a  normal  manner.  An  interesting  and,  if  confirmed,  practically  important 
application  of  this  fact  is  reported  by  Sweety  Corson-White,  and  Saxon  (1913  and 
1915).  Since  tumours,  such  as  cancer,  are  ^Towths,  it  seemed  that  it  should  be 
possible  t^)  n-tard  their  increase  by  a  diet  insuflScient  for  growth,  while  adequate 
for  niaiiitt^nance.  The  experiments  showed  that  mice,  fed  on  weli-waahed  giute.! 
from  wheat,  together  with  starch,  lard,  lactose,  and  salts,  could  be  kept  at  s 
constant  weight,  that  is,  wi^ottt  growtib,  for  thirty  days  or  more.  OonqHuring 
animals  on  this  diet,  inoculated  with  a  rapidly  growing  tumour  at  the  same  Urn 
as  those  on  normal  diet,  a  considerable  diiVeronce  was  found  in  the  rate  of  growth 
of  the  ttimour,  which  wa.s  much  slower  in  those  on  the  resliicted  diet.  One 
mouse,  for  example,  on  restricted  diet,  at  htty-two  days  after  inoculation,  ha^l 
at  this  time  a  scarcely  visible  tumour  of  4  mm.  in  diameter.  The  mouse  was  tbes 
put  on  norma]  diet  of  bread,  corn,  etc.,  and,  thirty  days  later,  the  tumour  was 
nearly  as  big  as  the  mouse  itself.  Prol  Hopkins  informs  me  that  he  had  alrsidri 
before  1913,  obtained  similar  results. 

We  may  next  tonsider  shortly  the  reeiults  obtained  by  various  observers,  with 
respect  to  certain  diseases  produced  by  the  absence  of  some  substances  of  a  simiiM 
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kind  to  thoee  which  we  have  discussed  in  the  preceding  pages.  It  has  been  clearly 
sho\ni by  Fraser  and  Stanton  (1911)  that  the  disease  known  as  "  Beri-Beri"  is  due 
to  the  exclusive  feeding  on  rice  which  has  had  the  pericarp  and  most  of  the  under- 
lying layer  removed  by  "  poliahing."  Fowbfed  an  sudi  rnsedevdop  a  polyaeoritis 
(inflaaunation  Mid  sabwquent  degroeratloii  of  peripheral  nerves),  which  is  simiLur 
to  that  ooconizig  in  beri-beri,  and  can  therefore  be  used  to  study  the  disease 
pxperimentallv,  If  the  poUshingS  be  added  to  the  white  rice,  the  animals  remain 
f.talthy  and  those  sutiermg  from  the  disorder  can  be  cured.  As  to  the  nature  of 
the  protective  substances  whose  absence  entails  the  disease,  it  was  found  that 
heating  to  120*  for  two  houn  destoraya  them.  They  aro  solable  in  slightly  aoid  91 
per  cent,  alcohol  Further  evidence  the  nature  of  these  substances  has  been 
brought  forward  by  Funk  (1911,  1912j,  ho  has  s^^paratc  i  a  substance  from  rice 
p-jn'shinif^,  and  also  from  yeast,  milk,  ox  brain,  and  lime  juice,  which,  in  very  small 
doses,  0^02  to  0  04  g.  by  the  mouth,  cui-es  polyneuritis  in  fowls.  Funk  states 
fnrdier  tbat  it  hu  the  propertieB  of  a  pyrimidine  beee.   ^rimidino  is 
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the  obAracteiietio  oonetitoent  of  the  nudeina.  Marked  improvement  was^  in  fkct^ 
obtained  by  giving  eertein  substanoee  related  to  the  nucleins,  such  as  thymiu^ 
nucleic  acid,  j^anosin,  etc.    Funk  suggests  the  name  "  vitamines  "  for  the  class. 

They  are  remarkably  active  j  a  quantity  containing  only  0*4  mg.  of  nitrogen  cures 
a  pigeon.  Au  interesting  point  is  that  pigeons  severely  aJOfected  with  poly- 
neuritis recovered  in  six  to  twelvo  houn,  and  frequently  seemed  quite  well  after 
three  honra.  It  appears  that  the  paxalysiB  can  have  been  due  to  a  functional 
disturbance  only  of  the  HKis  rylinders,  alth<njirh  the  medullary  sheath  vvxs 
degenerated.  It  is  impossible  that  recovery  of  degenerated  axons  could  take  place 
iu  so  short  a  time.  It  ap]>ears  that  a  normal  medullary  sheath  is  not  absolutely 
moeasaiy  for  nerve  ooodaotion.  It  ahould  be  mentioiMd  that  the  oonatittition 
assigned  by  Fonk  to  these  vitanunee"  is  not  genecally  tuxsepted.  We  have  seen 
above  (page  ?57)  that  the  active  substance  in  butter  contains  no  nitrogen,  so  that 
it  >eeni8  probable  that  tlie  substance  investigated  by  Funk  was  not  the  active  one, 
and  that  this  latter  was  present  only  in  traces.  Indeed,  Funk  himself  appears  to 
have  oome  to  the  condnrion  later  that  this  is  the  case,  aJtbough  he  holds  that  the 
active  substance  is  of  basic  nature,  and  preci|ntated  by  phospho  tungstic  acid. 
The  possibility  has  not  vet  been  excluded,  however,  that  the  precipitate  might 
carry  down  the  active  material  by  adsorption. 

Scurvi/  lias  also  been  shown  by  Uolst  and  Frolich  (1912)  to  be  due  to  a 
deficiency  of  some  easential  constituent  in  preserved  foods,,  but  present  in  all  kinds 
cf  fted)  material,  animal  or  vegetable.  It  will  be  remembered  how  Captain  Cook, 
in  his  second  voyage,  was  successful  in  avoiding  this  disease,  although  the  voyage 
lasted  1,000  days.  He  says  (1776,  p.  405):  "We  came  to  few  places  where 
cither  the  art  of  man  or  nature  did  not  aJlbrd  some  sort  of  refreshment  or  other, 
either  of  the  animal  oir  vegetable  kind.  It  was  my  first  care  to  procure  what 
could  be  met  with  of  either  "by  every  means  in  my  power,  and  to  oblige  our  people 
to  make  use  thereof,  both  by  mv  exam|de  and  authority ;  but  the  benefits  arising 
from  such  refreshments  soon  became  so  obvious  that  I  had  little  occasion  to 
employ  eitiier  the  one  or  the  other." 

The  extreme  sensitiveness  to  the  want  of  some  particular  subsUmce  iu  small 
amoant  does  not  seem  to  be  limited  to  the  higher  animals.  Wildiers  (1901)  stated 
that  if  a  normal  ariafieiai  culture  medium  is  inoculated  vrith  yeast  in  too  small  an 
amount  there  is  no  growth,  whereas,  if  the  same  quantity  is  added  to  sterilised 
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beer  wort,  the  growth  is  vigorous.  The  effect  of  adding  lar^^er  quantiti«'S  is  said 
to  be  duo  to  the  pro<«f»nce  of  \\  substance  which  Wildiers  calls  ''bios,"  provisiooaliv, 
unlil  iU  chemical  nature  in  kuowu.  This  bios  is  found  in  all  cultures  of  growing 
ye»At.  If  the  otdtare  nMdmin  is  inocalated  with  an  insiiffieieiit  quantity  of 
y<  ast,  and,  at  the  same  time,  wkli  anQAll  quantiti^  of  boiled  yeast  extract^  even 
if  flltorerl  through  pofons  clay,  c^rowth  is  ensured.  The  beneficial  effect  ot 
phosphat*'  oil  fermentation  bv  yt  ast  is  well  known,  so  that  it  i«  nece.'vsar%'  to  nolo 
tbat^the  artificial  culture  tiuid  used  contained  this  salt  already.  A  cultnie 
medium  may  aometimea  become  infected  with  yeeat  from  the  air,  and  it  aeems 
difiicult  to  understand  how  bios  could  be  taken  with  it;  however,  according  t^i 
the  observations  of  Kossovics  HSPG),  it  seems  possible  that  bacteria  might  produce 
some  snV>stfince  of  this  nature.  Since  this  work  sei'ms  to  have  been  somewh;j^ 
overlooked,  it  is  advisable  to  give  some  further  details.  It  is  interesting  to  note 
that  the  work  was  done  at  the  University  of  Louvain,  whose  tragic  fate  his 
aroused  the  indignation  of  the  whole  ciTilised  world. 

As  to  the  chemical  naturo  of  bios,  we  may  note  that  it  ia  soluble  in  80  per  cent.  alcohol»na4 
in  absolute  alcohol  nor  in  ether.  It  is  not  precipttatefl  by  leiui  acetat<3,  pliaspho-inolyWic  nor 
phobpiio  tungstic  acid,  nor  by  mercuric  chloride.  It  ih  present  in  Liebig  s  meat  extract  aad 
commercial  peptone  as  well  as  in  decoction  of  germinated  malt  (beer  wort)  before  the  action  ot 
Vf^-i.  It  is  not  contained  in  the  products  of  peptic  or  tryptic  digestion  of  pure  proteins, 
'iliyiuu.-;  uuclcic  acid  d<jes  not  give  the  result.  V\  batever  it  may  be,  it  is  eviaently  not  th^ 
Mme  substance  as  tliat  of  Hopkins,  since  it  is  insoluble  in  ether,  nor  is  it  Funk's  *'  vitamine" 
since  it  is  not  thrown  down  by  precipitant^  of  organio  bases.  An  important  point  is  that  it  ii 
not  produced  by  the  yeast  plant  itself  in  the  course  of  its  growth,  in  niotitmems  to  disappear. 
If  the  culture  to  which  originally  a  certain  amount  of  bios  was  added  be  boil«u  and 
uoooentrated,  it  is  found  nece!!>Kary  to  add  at  least  that  amount  of  the  oonoeutrated  extract 
which  would  contain  the  original  quantity  of  Hioe  in  order  to  ensure  growth  in  *  nev 
experiment.  Wildiers  calls  attnii m  t  »  the  cirrnmstanee  that  the  results  seem  to  civ*' 
a  possible  explanation  of  the  famous  contest  between  Licbig  and  Pasteur.  The  latttf 
Inocnlated  his  oultores  with  a  fragment  of  yesst  of  Che  nwo  of  the  head  of  a  largt^  jmi.  This 
was  proViaMy  al«nit  the  lowest  limit  of  "biofi,"  so  that,  if  Liebic  took  a  smaller  amount,  hf 
would  not  get  growth.  As  Wil^iers  remarks  (p.  H28),  if  Liebig  had  accepted  Pasteuj  9 
invitation  to  see  nis  experiments,  the  discrepancy  would  probably  rove  heeo  explained.  We 
see  als4J  how  minute  is  tlie  amount  of  bios  required,  A  smaller  quantity  than  the  optioia! 
will  allow  of  a  verv  slow  growth,  but,  under  the  micruauope,  there  ar&  to  Uj  »eeu,  at  one  tio>«, 
very  few  living  cells,  and  it  appears  tliat,  in  order  that  a  new  cell  may  grow,  it  \ukM  to  wi|t  for 
the  ilisalh  of  an  old  one  in  order  {•  >  obtain  the  bios  required.  On  the  whole  there  apfWtn  tO 
be  nomc  essential  stnictui  al  unit  whicii  t  he  yeast  cell  is  unable*  to  form  for  itself. 

Abel  Amand  (1903)  answers  some  p>ssililo  objections  to  these  ezperimaits.  WesawtibM 
the  influence  of  the  number  of  cells  was  eliminated  in  that  the  sanK  number  was  ineffective  in 
Pa«>tcur8  medium,  efl'cctive  in  mail  extract.    Amaud's  experiments  were  made  to  test  th' 
suggestion  that  the  bios  added  was  effective  by  counteracting  some  poisonous  substance  in  \hf 
water  n<'ed  for  the  culture  fluid,  ?!ome  "oligodynamic  action"  as  uescribed  above  fj^age  SihJ 
Copper  was  suggested.    The  water  from  glass  stills,  however,  ^ave  the  sanm  resukii.  Thf 
chemicals  u.sed  were  also  tested,  and,  although  the  detaik  must  l>e  read  in  the  original  paper- 
the  nossibility  of  poisonoos  constituents  soems  satisfactorily  excluded.    Moreover,  one  may 
recall  the  experiments  of  Ringer,  in  which  the  poisonous  action  of  distilled  water 
abolished  by  calcium,  which  is  a  constituent  of  tno  yeast  culture  medium.    Amand,  in  .% 
further  paper  (1901),  shows  that  bios  disappears  and  cannot  be  extracted  from  the  oslk 
so  that  it  is  either  nsed  for  synthesis  of  a  more  complex  substance  or  undergoes  spontsnemu 
decomposition.     Accoi-ding  to  Devloo  (1906)  the  active  principle  i.s  a  base,  preeinit  ittd  \a 
mercurio  chloride  in  presence  of  barium  hydroxide.   It  can  be  made  to  replace  cboUne,  at  ail 
events  partially,  in  lecithin.   It  may  naturally  occur  in  tba  form  of  the  hsM  of  a  leoithin-lilcv 
sult'-tanci-.    It  is  not  choline  itself  nor  can  it  be  propmd  ffom  oholiiM.   See  aleo  Ihe  psp(i* 
by  Williams  (1^19/  and  by  Backman  (1919). 

Twort  and  Ingram  HOI 2)  Iiave  made  tlu-  interesting  observation  that  Johtu'f 
bacifhis,  rt^sponsible  for  tho  pseudo-tubcrcuiar  enteritis  of  oxen,  will  only  gn>w 
on  a  medium  to  which  dead  tuberole  hacilli,  or  some  other  "acid-fast"  bacilli, 
have  been  added.   The  essential  suhstance  is  extracted  by  alccdioL 

The  work  of  Bottonilcy  (1914)  is  also  of  interest.  He  finds  that  substanct^ 
which  stinr.il.ite  plant  growth  are  formed  in  sphagnum  peat  when  it  is  incubnte  i 
with  cultures  of  certain  aerobic  soil  bacteria.  They  are  very  active  :  the  wa: 
extract  of  01 8  g.  of  peat  thus  treated  caused  the  growth  of  Pnuiula  soedliUii' 
in  six  weeks  to  be  doable  that  of  control  plants.  They  seem  to  be  allied  to  the 
accessory  factors"  of  diet. 

Thornton  and  Smith  (1914)  find  that  the  ch)orophyll-oontaining  proto«ooD» 
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Kuglena,  is  unable  to  grow  and  multiply  in  a  pure  saline  medium,  although  all  the 
elements  supposed  to  be  necessary  are  present.  If,  however,  a  trace  of  tyrosine  be 
atided,  growth  is  vigorous.  It  seems  that  the  tyrosine  does  not  serve  as  a  food- 
stuflf,  since  the  active  amount  is  so  small  (O'-t  mgm,  in  10  c.c).  Moreover,  no 
gn.)wth  occurs  in  the  dark,  so  that  the  organism  obtains  its  food  from  the  carbon 
dioxide  of  the  air  and  the  mineral  substances  of  the  culture  tluid.  The  tyrasine 
disappears,  it  is  true,  but  this  is  due  to  the  action  of  bacteria,  unavoidably  present 
in  small  numbers.    See  also  E.  J.  Allen  (1914)  on  the  growth  of  diatoms. 

The  manganese  and  zinc  requiretl  for  the  normal  gi-owth  of  Aspergillus 
may  also  be  mentioned  in  the  present  connection. 

I>orothy  Jordan  Lloyd  (1916)  points  out  that  the  rusulta  she  obtained  with  meningococci^ 
suggest  that  stimulating  fact- 
ors act  as  catalysts,  increasing 
theratoofprotein  metabolism. 
Failure  of  growth  without 
them  may  bo  due,  not  to  ab- 
sence of  reaction,  but  to  the 
fact  that  ita  rate  ia  too  slow. 

There  ia   one  poesi- 
bility  that  has  not  been 
referred  to  as  yet.  We 
saw  in  Chapter  V.  how 
important  a  part  the  cell 
membrane  plays  in  vital 
phenomena.     Now,  the 
ac  taal  amount  of  material 
contained  in  these  mem- 
branes is  almost  infini- 
tesimal, yet  it  might  well 
be  that  there  is  something 
absolutely   necessary  to 
its  proper  constitution,  a 
substance  which  may  be 
gradually  lost  in  the  pro- 
cess of   activity.  One 
thinks  of  Clark's  experi- 
ments (1913,  2)  on  the 
effect  of  prolonged  per- 
fusion with  a  simple  saline 
solution,   which  washes 
away  something  which 
can  be  replaced  by  an 
ether  extract  of  the  dry 
rendoe  of  an  alcoholic 
extract  of  dry  serum  (see 
pi^je  211  above).  The 
properties  of  lecithin  may  occur  to  the  reader,  but  this,  as  well  as  cholesterol,  seems 
to  be  excluded  by  the  experiments  of  Stepp,  who  found  neither  of  these,  nor  indeed 
other  known  "  lipoids,"  capable  of  replacing  the  active  substance  in  milk. 

An  important  conclusion  with  respect  to  the  general  theory  of  nutrition  is 
to  be  drawn  from  the  various  facts  given  in  the  present  section.  As  was 
pointed  out  by  Starling  and  myself  (1906,  p.  696)  and  by  Hopkins  (1906,  p.  395), 
independently,  it  is  not  sutticient  to  estimate  the  value  of  a  diet,  as  to  whether 
it  is  an  adequate  one  or  not,  merely  by  its  calorie  value  or  its  content  in  fat, 
carbohydrate,  and  protein  ;  the  presence  or  absence  of  the  small  quantity  of 
the '* accessory  factors  "  or  "hormones"  must  also  be  taken  into  account. 


Flo.  73.    Portrait  of  Emil  Fischer. 


THE  METABOLISM  OF  PROTEINS 
Our  next  task  is  to  discuss  briefly  the  changes  undergone  by  the  three  classes 
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of  organic  food*«fciifi  aa  they  pan  through  the  otganism,  oommenmng  our  study 

with  proteins. 

The  Constitution  of  Proteins. — As  was  first  definitely  and  completely  shown 
by  Emil  Fischer  (1899-1906j,  proteins,  animal  and  vegetable,  are  composed  of 
a  aeries  of  amiiio^cida  imitea  liy  etiminatioii  of  water,  aa  described  on  page  103 
above.  This  work  is  of  such  fundamental  importanoe  that  I  have  thought  it 
necessary  to  introduce  a  portrait  of  Fischer  in  Fig.  73. 

The  following  constituents  have  been  isolated  from  various  proteins  :— 

Glycine  ^amino  acetic),  alanine  (amino-propionic),  amino-butyric,  valine  (amino- 
Isovalerianic),  leucine  (amino-isobutyl-aoetic),  isoleuoine  ((t4unino-)84D0thyl-)8-ethyl' 
propionic),  phenyl-alabine,  tyrosine  (panMixyphttiyl^unino-proinoinio),  serine  (a- 
amino-/3-oxy  propionic),  cystine  (condensation  of  2  molecules  of  »«niino-/84faiO' 
propionic  acid,  the  sulphur  constituent  of  proteins). 

Aspartic  (a^aminO'Suceuuc),  glutamic  (a«amino^lutaric). 

ZH^mino-mono-oarhooBylie  Acids. 

Alpine  (a  amino^guanido*valerianic  acid).   Ouanidine  is  NH  —  C  -  NH^ 

I 

Lysine  (di-amino-caproic)  that  is : — 

NH^  -  OH,  -  CH,  -  CH,  -  CH,  -  CH(NH,)  -  COOH. 

HUmroeydie  Ccmpoundt, 

Histidine  (/84minaaoI'a4unino>propionic  acid). 
Proline  (o-pyrrolidine  carboiq^Uc  add),   ^rrrolidine  is 

Oxy-proline  (y-  or  /J-oxy-u-pyrrolidine  carboxylic  acid). 
Tryptophane  (constitution  given  on  pa^  256). 

And  also  ammonia.  Note  that  the  amino^ids  are  all  of  the  a  type,  in  which 
the  NHj  is  next  to  the  carboxyl  group. 

For  further  details  see  the  monographs  by  Plimmer  (1912,  1913). 

How  far  have  all  the  constituents  been  accounted  for  1  The  analysis  of  zeia 
by  Osborne  and  his  oo-worfcere  aoeowit  for  85*4  per  cent  of  the  total  nitroges 
of  tiie  protein  and,  considering  the  inevitable  loiseB  in  the  nuNUHwrboxylic  acMS, 
the  result  must  be  rsgpurded  as  very  satisfactofj. 

These  amino«eids  combine  together  in  the  way  already  indicated,  that  is 

-OOrOH  fflKH- 

becomes,  bj(  elimination  of  water : — 

-CO-NH— 

which  is  known  as  the  peptide  linkage." 

In  this  way,  Fischer  has  prepared  a  large  number  of  peptides,  ^H?fitiiining  two 
or  more  amino-acids,  in  great  variety. 

The  proteins  of  the  tissue  may,  therefore,  be  regarded  aa  made  up  by  varioua 
selection  out  of  the  list  given  above,  and  in  different  relative  proportion.  Thas, 
wiiile  gelatine  contains  16  per  cent,  of  glycine  and  0*9  per  oen£  of  glutamic  acid, 
gUadin  of  wheat  contains  no  glycine,  or  extremely  Intle^  and  43  per  cent  of 
glutamic  acid. 

We  see  that  there  are  very  few  free  NH^  groups  in  a  protein. 

Van  Slyke  and  Birchard  (1914),  in  fact,  show  that  the  only  free  NH,  group««  in  all  the 
native  proteins  examined,  a  oonaiderable  number,  amount  to  one-half  of  those  of  the  lysin* 
oootainM  therein.  AU  the  other  •iiiiiio>groaps  are  ooodaosed  into  peptide  Hni^ift^ 
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Methods  of  estimating  the  amount  of  nitrogen  combined  in  the  form  of  NU^ 
wb  off  ▼mine  in  determining  approadmately  whether  %  given  protmn  is  a  mixture 
of  several  simpler  ones  or  is  one  single  large  molecule.    We  have  also  a  means  of 

followiog  the  degree  of  hydrolysis  in  the  course  of  digestion  or  under  tiie  action 
of  acid.    There  are  two  methods  available  for  this  purpose. 

Sih-ensen's  method  depends  on  the  fact  that  NHj  groups  react  with  formaldehyde 
to  form  methylene-imino  groups  : — 

RNH2  +  CHOH  -  RNCHj  +  H,0. 

When  proteins  are  acted  on  by  formaldehyde,  the  basic  groups  are  eliminated  and 
the  free  carboxyl  can  be  titrated  with  acid  in  the  usual  way.  This  fact  was  shown 
by  Sclufr(see  Flimmer^t  monograph,  1912,  1913). 

FcNs  Slyke*9  matkod  depends  on  the  fsot  that  primary  amino-gronpe  roaet  with 
nititMn  acid  thw 

RNHj  +  HNO2  =  ROM  +  H2O  +  N^. 

£he  nitrogen  gas  evolved  is  measured  (van  Slyke,  1912  and  1913). 

By  these  methods  we  find  that  proteins  do  not  contain  more  than  one  per  cent. 
.  of  their  nitrogen  in  the  KH,  form. 

There  are  several  elasses  ol  proteins,  distinguished  by  their  diflbrent  properties, 
in  addition  to  those  oonjogated  with  other  substances,  sueh  as  nudons  or  carbo- 
hydrates. The  nom/endcUure  of  these  substances  has  been  agreed  upon  by  the 
Chemical  and  Physiological  Societies  of  England  and  America  and  should  be 
always  used.    It  will  be  found  in  Plimmer's  monograph  (1912,  pp.  1  and  2). 

We  hkve  next  to  inquire  what  beoomes  of  the  proteins  taken  as  food  before  the 
end  products  of  their  metabolism  are  excreted.  Schwann  (1839,  p.  229)  (p.  193  of 
Sydenham  Society's  translation)  introduced  the  name  "metabolic"  to  expre.ss  the 
chemical  changes  which  the  constituents  of  the  body  undergo.  He  speaks  of 
"phenomena  which  are  related  to  chemical  changes,  both  of  the  constituents  of 
the  cell  itself  aad  of  tiie  surrounding  material ;  these  may  be  caUed  metaboUc 
phenomena  (t&  ficra^Aac^v,  that  which  is  inclined  to  produce  or  suffer  change)'' 
("  Diese  kann  man  metabolische  Erscheinungen  nennen,  fMra^Kuchv,  was 
Unwandlung  hervorzubringen  oder  zu  erleiden  geneigt  ist "). 

In  the  space  that  is  available  in  such  &  book  aa  the  present  one,  it  is  impossible  to  describe  in 
detail  all  the  numeroot  facts  which  are  known  as  to  these  phenomena,  important  as  they  are.  For 
the  SDbjeet  of  prataia  SMlabolisaa,  the  rasdsr  ihaahi  oooMlt  thenMiiqgnph  hy  Osthosrt  (191^ 

^Hiere  is  stroqg  evidence  to  show  that  the  proteins  of  the  food  are  eompletely 
l^drolysed  into  amino^oidsp  before  bdng  absorbed.  For  some  time,  however,  it 
was  held  that  re-synthesis  to  proteins  took  plaoa  in  the  wall  of  the  intestine. 

This  view  was  due  to  the  fact  that  it  had  not  been  possible  to  detect  araino-acids, 
nor  even  peptones,  in  the  blood.  It  seems,  on  d  priori  grounds  alone,  that  such 
an  immetiiate  resynthesis  would  be  a  very  inappropriate  one.  Suppose  that  a 
partiiinilar  tissue  protein  » to  be  buUt  up  and  that  uiis  protein,  whue  oontuning 
l^ycine,  contains  very  little  glutamic  acid,  also  that  another  cell  protein  contains 
no  glycine,  but  a  large  amount  of  glutamic  acid.  Now,  if  the  synthetic  protein 
supplied  by  the  blood  contained  the  right  proportion  of  amino-acids  for  the  one, 
a  large  quantity  of  it  would  have  to  be  taken  up  by  the  other,  in  order  to  satisfy  its 
requirementSi  and  the  remaining  part  of  it,  oontaiiiing  the  ezoeas  of  the  particular 
amino-acid  not  wanted,  would  be  wasted.  Even  if  l£is  last  were  utilised  in  some 
other  way,  it  seems  a  useless  process  for  a  protein  to  be  synthesised  in  the  wall 
of  the  intestine,  merely  to  be  broken  up  again  when  it  reaches  the  cells. 

Direct  evidence,  moreover,  is  not  wanting  at  the  present  time  showing  that 
smino^dds  do  actually  exist  in  the  blood.  According  to  van  Slyke  and  Meyer 
^19121  in  the  lint  plaoe^  the  blood  of  a  dog  which  has  received  no  food  for  twenty- 
four  nours  contains  amino^ids  equivalent  to  4  mg.  of  nitrogen  per  100  cc  If 
meat  is  given,  tiie  value  rises  to  10  mg.  during  digestion. 

The  reaflon  why  the  quuitity  is  SO  SBiall  is  that  these  amino-acids  are  rapidly  taken  up  by 
tke  tissues  in  some  form,  as  wa  ahaU  see  later ;  it  was  found,  for  example,  that  if  12  g.  ol 
alaome  were  injected  into  a  vein  of  a  dog  during  ten  ninntes,  only  1  '5  g.  remained  in  tha 
Uood  five  odnntaa  kfear,  although  only  1*5  g.  had  Bean  exeratad  by  tha  kkiMy. 
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FoUn  and  Denia  (1912)  came  to  the  same  ooncltuioiu  and  could  find  do 
evidence  whatever  of  protein  synthesis  in  the  intestine.     Abel  (1913),  again,  by 

the  ingenious  method  of  iliulysis  <if  the  livinu:  liltxxi,  referred  to  above  (page  S3), 
has  been  able  to  collect  as  rnuc  h  as  20  g.  of  amino  arid  ^  from  the  blood  of  three 
or  four  dogs,  so  that  it  is  po8i>ibie  to  separate  them  and  hud  out  which  are  preseot 
Tlie  faet  that  they  have  now  been  detected  in  the  Uood  is  due  to  the  impiuved 
methods  deviaed  for  their  determination,  and  we  may  conclude  that  tbey  do 
actually,  as  such,  reach  the  tissue  cells.  Delaunay  (1913)  showed  their  presence 
in  tho  btxlv-fluids  of  invertebrates  Confirnmtory  e\ndenr<»  i«i  Rfforded  hv  the 
experiments  of  Buglia(1912,  p.  184),  wiio  found  that  suthcient  lutioLct'n  toofi  to 
meet  requirements  can  be  injected,  in  the  form  of  amiuo-acids,  into  the  shim 
bIowIt  without  distarhanoe. 

We  have  already  seen  evidence  that  the  actual  amount  of  nitrogen  required 
for  repair  is  very  small,  and  further  details  will  be  given  later.  How,  then,  is  the 
leujaiuing  uitrugen  of  a  eon  in  al  io  prnt^^^in  diet  dealt  with  ?  If  we  start  from 
the  other  end,  as  it  were,  we  tind  by  experiment  that  the  amino-acid  nitrogen  not 
needed  for  growth  or  repair  appears  in  the  urine  as  urea,  while  the  rest  cf  tbs 
molecule  is  ultimately  convert^  into  carbon  dioxide  and  water. 

From  the  eliemieal  standpoint,  the  most  obvious  stages  between  an  amino-acid 
and  urea  are,  first,  de  amination,  by  which  ammonia  is  split  oflf  and  ^iome  dcrirative 
of  a  fatty  acid  formed ;  and,  secondly,  the  ammonia  is  converted  into  urea,  while 
the  hvdroearhon  acid  is  burnt  up  for  the  purpose  of  affording  energy. 

This  iM,  in  fsct^  a  part  of  the  theory  ^Aprotmn  mstSniiUtm  associated  with 
the  name  of  (1905).  We  have  to  inquire  what  evidence  there  is  cl  soch 
reactions  occiirnnir  ^'n  the  living  organii^ra,  and  where  they  oocur.  A  omilsr 
theory  was  prup\>uuded  by  Delaunay  (1913,  1). 

With  regard  to  the  lirst  step  in  the  process,  it  has  l)een  shown  by  D&kin  and 
Dudley  (1913,  2)  tl^  an  a-amino«cid  in  solution  in  water  undergoes  spontansooi 
dissoeiation  into  the  corresponding  a>ketmiic  aldehyde  and  ammonia  and  this  fKt 
makes  it  probable  that  the  procees  is  accelemtf  fi  in  the  organism  by  an  enzyme 
Alanine  becomes  in  this  way  pyruvic  aldehyde  and  ammonia.  The  ketonic 
aldehyde  may  undergo  further  change  in  thi'ee  modes,  oxidation,  hydi^lyiii^t,  or 
reduction,  thus 

+  0  

i 

COOU  (pyruvto  aotd) 

CH,  CH,  ^  CH, 

(in.irat   >  NH,  +       — .+  H/)   >  CHOHilaotiosoid) 

(!x)OH  CHO  <^H 

(prruvicX 
»ldeiO'<^)\L   

CH. 

1 

+  Hg   >-  CHj  (propioDio  acid) 

I 

COOH 

Tncident.illv.  it  may  be  noted  that,  as  we  shall  see  Intor,  there  are  three  yeries  of  WMymei, 
kuowD  to  be  present  in  cells,  capable  of  effecting  these  thr<M}  processes  of  oxidation,  hydrolysi*, 
or  redttotion,  reapsctivsly. 

De  mniuatLun.—'Yhyi  whole  of  the  blood  from  the  intestines,  containing  amino- 
acids,  in  the  inauimal,  pajibe^j  through  the  liver  before  reaching  the  variom  otbf 
organs  and  tissues.    In  other  verteDratee,  a  part  of  it  goes  this  wi^.   Hie  liw 

has  the  power  of  converting  ammonium  salts  into  urea,  as  was  nrst  definitely 

proved  by  Schnxler  (1882  and  1885).  We  might  oxy.pet,  then,  that  the  nviin 
boflv  of  the  amino-acids  would  be  first  de-aminated  m  the  li%'er,  the  resultui^; 
ammonia  converted  to  urea,  wliile  the  fatty  acid  remainders  would  be  sent  on  to 


Digitized  by  Google 


NUTRITION 


265 


As  ^mom,  Flurt  of  the  aminfMusids  roust  be  supposed  to  escape  the  action  of  the 
livw,  to  afford  the  nitrogen  required  for  growth  and  maintenance. 

The  **Speci/tc  Dynamic  Action"  of  Rubmr.  —  Although  there  u  very 
little  enf^riry  lost  in  de-araination  (Leathes,  190G,  p.  154),  amino-acids  appear  to 
have  some  special  advantage  in  the  production  of  heat.  Tf  we  measure  the  heat 
produced  after  a  known  amount  of  carbohydrate  or  fat  has  been  eaten,  the 
extra  amoont  is  aqQal  to  that  taken  in.  If  protein  is  talran,  mors  heat  is  given 
out  by  some  stimnlation  of  the  cells.  The  observations  of  Anderson  and  Lusk 
(1917)  show  that  protein  has  no  special  value  as  regards  conversion  to  work. 
The  aniouTit  of  energy  value  in  food  required  by  a  dog  to  do  a  particular  piece 
oi  work  was  the  same  whether  derived  from  its  own  store  or  from  a  diet  of 
csrhohydrate  or  of  protein,  namely,  0*58  kilogrammetre  per  kilogram  of  body  weight 
feraasported  one  metre.  But  mhea  protein  was  need,  the  extra  amount  of 
energy  due  to  its  specific  djmamio  action  was  given  off  in  addiium  to  that 
utilised  a«  work  In  other  words,  when  the  work  was  done  by  the  expenditure 
of  protein,  the  bociy  lost  more  energy  than  when  the  same  work  was  done  at 
the  expense  of  carbohydrate.  It  is  possible  that  in  exceptional  exposure  to 
cold,  the  extra  heat  given  off  under  protein  diet  may  be  of  temporary  advantage, 
hot  under  ordinary  conditions  it  is  difficult  to  regard  it  as  other  than  waste. 
On  the  whole,  the  "specific  dynamic  action"  appears  to  be  an  incident 
occurrence  in  the  mode  of  utilisation  of  protein,  of  doubtful  physiolo^ncal  value. 

look  (1915)  holds  that  "specific  dynamic  action "  is  due  to  an  action  exerted  on  t)io  cells  by 
•iBiDO^cids,  80  that  their  metabolism  is  increased.  The  stimulus  is  not  the  aoniiio-acidH  ihem- 
•elvM,  hat  probably  the  hydroxy-aoids  resnUiog  from  their  de-amination. 

Again,  certain  experiments  tend  to  shov  that  the  liver  haa  not  much  more 
power  of  de-amination  than  the  other  cells  of  tlie  organism.  The  experiments 
of  Lang  (1904)  and  of  Miss  Bostock  (1911)  have  shown  that  tissues  in  ?tVro 
are  capable  of  de-aminatiiig  amino-acids  to  some  extent,  but  that  the  process 
n  not  qnite  the  sune  as  that  in  the  living  organism,  since  amides  are  more 
nsdil^  acted  on  in  vUro  than  are  amino-acids,  while  the  contrary  is  the  case  in  the 
organism.  That  the  main  part  of  the  amino-acids  absorbed  by  the  intestine  e<}cape 
inimwliate  de-amination  by  the  liver  is  also  show?i  1jy  the  results  of  van  Slyke  and 
Mever  (1912,  p.  408).  The  blood  of  the  teinoral  arter}'  contained  in  one 
experiment,  before  feeding,  3-7  mg.  of  amino-acid  nitrogen  per  100  cc,  and  after 
liewing,  8*6  mg.,  while  that  of  the  portal  vein,  at  the  same  time,  contained  very 
little  more,  namely,  9*6  mg.  This  means  that  there  was  a  loss  of  only  0'9  mg.  in 
traversing  the  liver,  not  more  than  wouUl  ho  expected  if  the  liver  only  de-aminated 
as  much  in  proportion  to  its  size  as  other  organs.    But  the  reaction  may  be  slow. 

After  large  doses  of  amino-acids  the  de-aminated  products  can  be  detected  in  the  nnne. 
lectio  add  from  aUnine  (Neuberg  and  Langstein,  1903),  glyceric  acid  from  diaiuiuo  prupiontc 
iflid(lbjer,  1904>iiia7borBlmredto.  ' 

Hoiilds,  haoteria»  yeast,  and  the  larvae  ol  flies  have  also  been  shown  to  split 

off  ammonia  from  amino  ncid-n 

It  seems  probable  that  amino-acids  are  supplied  to  the  tissues,  and,  with 
the  exception  of  that  small  part  used  for  repair  or  growth,  are  de-aminated  there. 

The  fatty  acid  part  u  ntilised  for  supply  of  energy  and  the  next  question 
it  Che  £ite  of  the  ammonia. 

The  great  activity  of  the  liver  in  the  convmion  of  ammonia  to  urea  makes 
it  probable  that  the  main  part  of  the  ammonia  from  the  tissues  is  converted 
iBto  'jr^a  in  this  or^an.  When  an  Eck's  fistula  is  made,  that  is,  wlion  a  con- 
nection IS  made  between  the  portal  vein  and  the  vena  cava,  so  that  the  liver 
u  prsetieally  cot  oat  ni  .the  circulation,  there  is  a  great  increase  of  ammonia 
in  the  bk>od.  Normally,  also,  there  is  much  more  ammonia  in  the  portal  blood 
^i^ine  to  the  liver  than  in  that  of  the  hepatic  veins  coming  from  it.  The 
nvesti^^rations  of  JSencki  and  of  Salaskin  may  be  oonsulted  (see  Gathcart's 
iuono}^raph,  1912,  p.  51). 

On  the  other  hand,  Folin  and  Denis  (1912)  hold  that  the  tissues  themselves 
InTe  tile  power  of  converting  ammonia  into  urea.  They  find  that  the  urea 
content  of  the  blood  of  the  hepatic  vein,  after  the  injection  into  the  lumen  of 
the  intcstina  of  various  proteins  and  aaun<Mu:ids»  is  not  greater  than  that  of 
9A 
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the  femoral  artery.  This  implies  that  the  U^er  has  not  added  any  more  urea 
to  the  blood  than  was  already  in  that  arriving  to  it  from  the  other  parts  of 
the  animal.  Should  this  be  s(j,  all  tissues  must  take  part  in  the  formation  of 
urea.  In  Um)  words  of  these  authors  (1912,  p.  161),  "the  food  protein 
reaches  the  tiwites  m  the  fom  of  anuiitHu»d%  and  those  emiiKhscids  whiA  ere 
not  needed  for  the  rebuilding  of  broken-down  body  meterial  are  not  rebwlt 
either  into  protein  or  protoplasm,  bnt  an  broken  down  and  their  nitttogm 
converted  into  urea." 

The  results  of  van  Slyke  and  Meyer  (1913,  2),  contrary  to  those  of  Folin 
and  Denis,  are  in  favour  of  the  first  view,  that  the  liver  is  the  chief,  if  not 
the  only,  ntuation  where  de-aminatioD  occurs.  Amino^ids^  as  we  saw,  an 
taken  op  rapidly  by  all  tissues.  Those  taken  up  by  the  liver  disappear 
again  in  a  comparatively  short  time,  but,  during  the  time  required  for  this 
disappearance  from  the  liver,  no  appreciable  diminution  has  occurred  in  thit 
stored  in  the  muscles.  From  other  organs  also  they  disappear  les^i  rapithy 
than  they  do  from  the  liver.  This  diminntlon  of  amino-add  content  of  the 
liver  is  accompanied  by  increase  of  urea  in  the  blood.  The  liver,  tiwrsfbrSt 
continually  tends  to  decr^nsr  the  amino-acid  content  of  the  blood,  and,  since 
there  i  nh.vays  an  equilibrium  between  the  amino-acid  concentration  in  the 
l^ood  and  that  in  the  tissues,  as  the  liver  removes  these  acids  more  passes  from 
other  tissues  to  restore  equilibrinm.  We  see  then  that  it  is  not  necessary  that 
de-amination  should  be  performed  by  any  tissue  other  than  the  liver.  In  a 
further  paper  (1913,  3)  the  same  investigators  show  that  in  starvation  the 
amino-acid  content  <>f  the  tissues?  does  not  decrease.  It  is  most  probaWy 
renewed  by  autolysin  of  protein,  so  that  the  amino-acid  protein  system  appears 
to  be  that  of  a  reversible  chemical  reaction.  This  view  is  supported  by  the 
fact  that  feeding  with  lai^  quantities  of  protein  does  not  increase  the  aminiK 
acids  of  the  tissues,  so  that  any  nitrogen  stored  beyoad  the  normal  amoont 
of  amino-acid  must  apparently  be  in  the  form  of  protein. 

In  any  case,  we  may  conclude  that  nothing  is  left  of  the  old  discussion  betwee-j 
PfiUger  and  Yoit  as  to  the  necessity  of  food  protein  becoming  living  protophistu 
before  being  utilised. 

If  the  view  taken  be  correct^  we  see  also  that,  so  long  as  the  "acoeswiy 
fact-ors "  are  present,  there  is  no  necessity  for  the  food  proteins  to  be  of  similar 
constitution  to  tlv  tissues.  In  fact,  experimental  evidenrf^  confirms  this  deduc- 
tion ;  except  for  aiHerences  in  degree  of  digestibility,  and  so  on,  there  does  not 
seem  to  be  any  particular  preference  for  one  protein  rather  than  another. 

A  farther  consequence  is  that  feeding  wita  pure  amano*acids  should  be  possiUSi 
The  evidence  that  this  can  be  done  has  been  referred  to  above  (pege  256). 

As  to  the  ch"7n<cal  viech'inifim  of  ale-amiiuUion  we  have  Htt)e  inzonnaition.  • 
Probably  all  tlie  tiiree  reactions  given  above  (page  264)  are  concerned. 

Ad  old  observation  by  8treuk«r  referred  to  by  Baoh  (1913,  1,  mx,  157,  i58j  is  loterestii^  m 
a  poSbibiUty  of  the  formation  of  hydroxy-adds  sad  aldehydes  mni  aiiiiiio*aoids.  AlkNUB 
reacts  in  stages  with  amino  a.  ids  tbos :— - 

0C<:  ^<:0  +  R.CH<         +SH.OHa  I 

.OH        /OH  , 
OCT  >CH.OH  +  R.CH<      +COC      +NH,a  i 

^NH-OCK  M>H        X)H  i 

/NH-00. 

XH-CO^  I 

The  general  facts  of  protein  metabolism  may  be  looked  at  from  a  sligbtlj 
different  point  of  view,  as  in  the  original  expression  of  his  theory  by  Folin  (1906K 
who  carried  out  a  large  number  of  analyses  of  urine  on  two  kinds  of  diets,  tkh  and 

poor  in  nitrogen,  but  both  practically  free  from  purines,  creatine  or  creatinine  (see 
later,  pnije  '270).  Comparing:  the  two  series,  we  note  that  there  are  sorne  products  of 
metabolism  which  main  lain  a  nearly  constant  tigure,  while  others  are  much  greater 
ander  rich  nitrogen  food  than  under  food  poor  in  nitrc^en.    The  constant  produett 
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are  chiefly  ereatinine  and  neutral  aulphnr ;  to  a  lew  extent,  uric  acid  and  ethereal 

sulphates.  The  variable  products  are  urea  and  inorganic  sulphates,  not  creatinine 
aiicJ  pro'hably  not  neutral  sulphur.  The  former  obviou«^ly  reyirosent  sonie  constant 
form  ut  u)et4ibulisrn  always  proceeding,  to  wiiich  Folin  gave  the  name  of  tissue  or 
etuiogenoiuB  metabolism,  and  to  the  Tariable  type,  that  is,  to  the  proteins  used  for 
de-aminataon  and  giving  ctf  energy,  the  name  intermediate  or  txogmom  metabolism. 
Xliis  view  has  been  generally  accepted,  although  some  minor  points  as  to  the 
complete  flistinction  of  the  particular  products  in  each  ease  have  been  taken 
exception  to.  Folin  himself  admits  that  urea  is  probably  an  end  product  of  both. 
According  to  Cathcart  (1912,  p.  95),  the  output  of  craitinine  is  itself  subject  to 
small  changes  when  the  protein  ingested  is  altered 

The  practical  interest  and  importance  of  the  question  rests  on  the  fact  that  the 
■irnount  of  nitrogen  which  it  is  absolutely  neces5iarv  to  take  in  the  food,  is,  in 
theory,  limited  to  that  required  to  form  new  tissues  or  replace  wear  and  tear; 
timt  is,  the  endogenous  fraction.  Now  the  nitrogenous  food  is  the  most  costly 
part  of  a  diet,  so  that  it  is  of  some  importance  to  know  how  far  it  can  wisely  lie 
reduced.  The  value  of  the  nitrogen  minimum  is  therefore  a  question  requiring 
discussion. 

Firstly,  Avliat  is  the  excretion  of  nitnv^'en  in  ^itarvation  1    This  may  be  taken 
as  the  iiidex  of  the  wa^ite  of  tissues,  with  certain  qualifications.    But  it  will  be 
clear  that,  for  our  present  purpose,  what  we  want  to  know  is  the  loss  of  nitrogen 
when  sufficient  earhoh^diate  is  supplied  for  energy  purposes,  nitrogen  being  absent 
from  the  food.    The  lassue  proteins  begin  to  break  down  in  complete  starvation  in 
order  to  afford  the  energy  demanded  by  certain  organs  of  vital  necessity,  such  as 
the  heart,  so  th?5t  tlie  issue  l>e(()mes  cunfuser!.    If  a  particular  excretory  pnxluct, 
xinder  normal  diet,  were  definitely  known   to   be  a  product  of  endogenous 
metabolism  and  of  this  alone,  it  would  be  more  satisfactory  to  determine  the  amount 
of  tiiis  substance  excreted.    We  cannot,  as  yet,  be  quite  certain  as  to  the  existence 
of  .such  a  product,  although,  arerinlinj^  to  Cathcart  (1909),  creatine,  a  constituent 
of  muscle  tissue,  is  such  a  product,  present  only  in  starvation,  so  that  the  .study  of 
ita  excretion  gives  valuable  information,  to  which  inference  will  be  made  later. 
Some  doubts^  however,  have  been  thrown  hy  Graham  and  Foulton  (1913)  on  the 
cogency  of  the  method  used  to  estimate  creatine  in  the  urine.   According  to  these 
workers,  there  is  no  satisfactory  evidence  of  the  presence  of  tliis  substance  in  the 
arine,  under  anv  circumstance.'^:.    According  to  Cathcart  and  Orr  HOI 4),  however, 
these  resiults  do  not  affect  the  conclusions  drawn  by  Cathcart  from  his  experiments. 
But,  in  any  case,  there  is,  according  to  M'Collum  (1911,  1),  another  index  in  the 
output  of  creatmine,  a  product  obtained  from  creatine  by  removal     water  (see 
below,  page  270).    This  is  a  constant  fraction  of  the  total  nitrogen  eliminated  after 
a  long-continued  di(  t  free  from  nitrogen!    Tn  the  pig,  the  creatinine  nitrogen  is, 
under  these  conditions,  18  5  y^  T  cent,  of  the  total  nitrogen  excreted.    So  that  if 
the  creatinine  nitrogen  be  multiplied  by  5"5,  the  tot*vl  nitrogen  resulting  from 
endogenous  metabolism  is  obtained.   This  conclusion  rests  on  the  finct  that 
crestine  or  creatinine  is  a  diaracteristic  product  of  the  breakdown  of  muscular 
ttssue. 

Tii  ;i  lat«r  jK-iper  M'Collum  and  Hoagland  (1913)  show  that  this  ri  iiiclu.-^ion  requires  certain 
moditicatioDs,  which  mu»t  b«  taken  into  account  in  attempts  to  make  use  of  it.  There  are, 
they  say,  at  least  two  types  of  endogenous  protein  metabolism,  one  which  can  be  stimnlated 
to  increased  production  of  ammonia  by  f^-ding  with  niiufral  aeid.^,  or  to  hippuric  acid 
production  by  glycine,  while  the  other,  which  ia  represented  by  creatinine,  remains  unaffected 
by  these  agents. 

From  Cathcart's  experiments  (1909)  it  appears  that,  in  raan,'the  total  output 
of  nitrogen  on  a  carbohydrate  diet,  free  from  nitrogen,  is  about  5  g.  per  day. 
Now  Voit  had  laid  it  down  that  the  daily  intake  of  protein  should  be  120  g., 
equivalent  to  18  g.  of  nitrogen.  Chittenden  (1905)  regards  this  as  far  too 
much  and  was  able  to  maintain  nitrogen  equilibrimn  on  6  of  nitrogen  (40  g, 
of  protein)  in  variou.s  classes  of  men  ens^atred  in  different  kinds  of  w(  .rk.  There 
is  no  doubt  that  Voit's  amount  i.s  considerably  in  excess  of  that  tuken  by  a 
large  number  of  men.    For  example,  Hamill  and  Schryver  (1906)  determined 
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the  nitro<»en  mitpiit  in  the  urine  of  seven  of  who  were  working  in  the 
Physiological  Laboratorv  of  University  College,  Ijondon,  at  that  time.  2so 
alteration  was  made  in  uur  occupations  nor  in  the  food  taken,  except  that  a 
dinner  of  the  Physiological  Society  ooeurred  on  one  day,  which  tended  to 
increase  the  general  average.  The  values  obtained  were  from  0*16  to  0  2 
of  nitrogmper  kilogram  of  body  weight,  or  an  average  of  13*5  g.  per  individual, 
eqinvfil^nt  to  93  g.  of  protein  ;  a  value  only  three-quarters  of  that  'jiven  by  Voit, 
although  rather  more  than  twice  that  regarded  by  Chittenden  as  adc  j  uite. 

A  point  of  interest  is  that  in  Rowntree's  "  Poverty;  a  Study  in  Town  Life,  the  author  has 
adopted  Atwaier't  ataikbud  of  125  a.  as  the  minirnvm  prot«iii  and  ooiuequently  finds  that 

27  per  cent,  of  the  population  of  York  arc  livincj  in  poverty,  because  their  pro t<>in  con!?umptinn 
is  below  this  figure.  In  point  of  fact,  the  lowest  value  found  was  89  g.,  very  little  below  that 
of  the  laboratory  workers,  and  this  applied  only  to  those  whoee  weekly  wage  wm  below 
twenty  j'ix  shillings.  Cautir-n  Tnust  then  be  exercised  in  drawine  ooneluaions  as  to  pocial 
conditions  from  protein  consumption.  One  would  have  to  oonolade  that  phyaiologisu  a 
elaas  are  living  in  poverty. 

Caihcart  (1012,  p.  69)  regards  90  g.  of  protein  aa  an  average  value,  from  his  own 
experience.  This  author's  discussion  of  the  question  will  be  found  on  pp.  6d  to  72  of  his 
monofftaph  (1012).  We  may  note  that  Siv^n  (1901)  found  it  possible  to  maintain  nitngen 
equilihritim  on  4*52  g.  of  nitrogen  f=*2S  3  g.  of  protein)  per  day.  But  there  seems  some 
evidence  that  continued  exiMtcnce  on  hiw  n  protein  diet  may  entail  low  resistance  to 
exteraal  influences,  such  as  infection,  although  this  etTect  is  by  no  meaos  dearly  madeoatand 
the  results  of  Hindhede,  to  be  given  immediately,  show  that  it  is  not  oeessMurily  the  esse. 

The  degree  of  activity  of  the  organism  is  naturally  to  be  taken  into  aoooant. 
We  may  recall  M'Collum's  experiments  on  pigs  (1911),  in  which  the  total 
DitroLTPii  required  for  maintenance  appears  to  be  only  2*6  g.  for  a  pig  of  about 
the  weight  of  a  luati. 

The  recent  work  of  Hindhede  (1913)  ailordii  some  valuable  data  on  the  4ue)itiou 
before  us.   In  his  experiments,  care  was  taken  that  the  total  calorie  Tslue  of 
the  food  was  abundant,  a  point  of  essential  importance^  as  Catbcart  points  out 
(1912,  p.  70),  and  not  sufficiently  ensured  in  some  of  the  experiments  of  Chittenden, 
in  which  it  was  too  low.    A  further  point  of  importance  in  Hindhe<^ie's  experimental 
is  that  they  were  continued  for  a  considerable  time.    A  strong,  healthy  young 
man  <A  70  kg.  weight,  a  laboratory  servant  in  the  Nutrition  Institute  of 
Copenhagen,  was  the  diief  subject.   It  was  found  that,  whUe  continuing  to 
perform  all  his  usual  duties,  he  was  able  to  live  on  a  diet  consisting  only  of 
potatoes,  apparently  new  potatoes,  together  with  margarine  and  a  little  onion  f t 
flavour,  and  containing,  on  the  average,  only  4*425  g.  of  nitrogen  per  <M\v.  This 
experiment  lasted  178  days  and  although  75  g.  of  nitrogen  had  actually  been  lo^^t 
from  the  body,  it  was  not  possible  to  discover  that  the  subject  was  otherwise 
in  any  di£forent  condition  than  ml  the  beginning  of  the  period.   From  the  figures  > 
given,  it  appears  that  he  was  in  nitrogen  equilibrium  daring  the  actual  time  on  | 
whicli  this  diet  was  taken,  ^n'!  that  the  loss  nf  nitrogen  occurred  in  one  or  tvo  ! 
short  periods  in  which  less  iiitros^en  was  taken,  owing  to  replacement  of  the 
greater  part  of  the  potatoes  by  fruit.    During  the  I  oO  days  on  which  the  potato  diet 
was  taken,  nitrogen  equilibrium  was  present  on  5  g.  of  nitrogen  per  day.  Taking 
one  particular  period  of  nineteen  days,  in  which  all  the  conditions  were  especially 
satisfactory,  nitrogen  equilibrium  was  maintained  on  only  3-5  g.  per  day.    It  is  \ 
to  be  rememhei^d  that,  on  thi?  potato  diet,  wliidi  '^eofns  t«>  l^*^  thf^  only  one  which  | 
can  be  put  up  with  fur  so  long  a  time,  it  was  impossible  to  reduce  the  nitrogen  I 
further  without  diminishing  the  calorie  value  below  that  which  was  found  to  1»  ' 
essential,  namely  4,000  calories  per  day.   We  may  remark  also  that  the  method  of  < 
cooking  the  food  was  found  to  be  a  matter  of  great  importance^  so  that  it  shonM 
be  sulhcicntly  {palatable  to  be  taken  with  relish  in  large  enough  quantities 
give  the  calorie  value  required,  in  fact,  about  2  2  to  3  5  kg.,  according  to  the 
seventy  oi  the  work  done.    To  assign  proper  value  to  the  experiments,  it  is 
pointed  out  that  the  subject  was  really  more  than  an  ordinary  laboratory  servant; 
he  performed  the  duties  of  an  assistant,  working  fourteen  to  sixteen  hours  adav, 
extremely  active  and  taking  great  interest,  not  only  in  the  experiments  describe<l, 
but  nKo  in  the  work  ns  a  whole.    "We-may  note  the  high  calorie  value  of  the  diet, 
Uiat  given  by  Voit  for  soldiers  in  war-time  had  an  energy  value  of  only  3,575 
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calories,  altboagh  it  contained   145  g.  of  protein,  equivalent  to  23*2  g.  of 
Ditrogen. 

A  Becond  experimental  period  was  undertaken  in  which  the  subjeot  performed 

h:ird  work  as  maaon  and  labourer  for  a  t  rmi  of  ninety-five  days.  On  a  diet  of 
al>jut  5,000  rnloriep,  with  an  average  of  7-22  ^.  of  nitrogen  per  day,  a  slight  loss 
of  nitrogen  resulted,  namely,  34  g.  for  the  wiiole  period.  To  get  the  nitrogen 
minimum  fur  hard  work,  the  last  ten  days  of  the  period  may  be  taken,  in  which 
nitrogen  eqiiilibriiim  was  nmintftined  on  5*72  g.  of  nitirogen  ( a  35*75  g.  of  protein). 

An  important  qoeation  is,  naturally,  whether  this  subject  was  in  any  way 
the  worse  for  this  prolonged  period  of  minimal  nitrogen  diet.  '  It  must  be 
admitted  that  he  had  lost  a  certam  amount  of  nitrof^enous  substance,  although 
Uiere  was  every  evidence  that  his  condition  was  just  as  good  as  at  the  beginning. 
No  period  ol  reooverf  was  neoeesary  and,  indeed,  he  was  aoxions  to  begin  a  new 
experimentb 

£x  peri  men  te  wer»  also  made  by  Hindhede  on  himself  and  on  a  stadent  with  similar  results. 
The  former  gave  a  protein  minimum  of  16  s.,  with  a  calorie  value  of  2,650,  doing  Ught  work. 
The  latter  was  doing  moderate  work  on  a  cuet  of  3,700  calories  and  protein  content  of  25  g. 

It  appears  that  we  must  admit  that,  for  a  strong  healthy  man,  the  protein  food 
actually  necessary  to  replace  wear  and  tear  is  very  mach  lesa  than  that  usnaUy 
assumed.  It  is  interesting  to  notice  that,  as  would  be  expected,  the  wear  and 
tear  in  hard  work  is  greater  than  in  moderate  work,  if  we  may  judge  by  the 
rise  in  the  protein  minimum  from  25  g.  iu  the  latter  case  to  35  g.  in  the  former. 
But  it  is  found  to  be  the  same  fraction  of  the  total  intake  in  energy. 

Effi^  of  CarbohydrcUe. — In  the  eaqieriments  on  feeding  with  the  dig^tion 
products  of  proteins  already  referred  to,  it  may  have  been  noticed  that,  while 
Loewi  (1902)  was  successful,  certain  other  workers  were  unable  to  cmifirm  hii 
results.  Cathcart  calls  attention  to  the  fact  that,  in  Loewi's  experiments,  carbo- 
hydrate was  pri'sent  to  make  up  the  proper  calorie  value,  whereas  in  the 
experiments  ihut  faUeti,  lui  only  was  used.  Further,  Cathcart  himself  (1909) 
found  that^  if  no  carbohydrate  was  present  in  a  nitrogen<free  diet,  creatine 
appeared  in  the  urine,  whereas  it  was  aoeent  when  carbohydrate  was  given.  The 
interpretation  to  be  ]»ut  on  these  experiments  is  that,  in  the  presence  of 
carbohv* Irate,  resynthesis  of  creatine  into  some  cell  protein  take's  place,  so  that 
it  would  appear  that  some  of  the  nitrogen  lost  in  wear  and  tear  can  be  made  use 
of  again  by  the  aid  of  carbohydrate.  It  seems,  however,  from  the  results  of  < 
Graham  and  Poulton  (1913),  that  a  repetition  of  these  experiments  is  desirable, 
although  Gathcart  himMilf^  with  Orr  (1914),  points  out  that  they  do  iiot  afiEect  his 
conclusions. 

Other  experiments  confirm  the  necessity  of  carbo}i\  drutes  for  the  synthesis  of 
protein.  It  was  shown  by  Hansteen  (1899)  that  it  applied  to  the  higher  plants 
and  by  l^'^lix  Shrlich  (1911)  that  amino-acids  were  incapable  of  acting  as  sources 
of  nitrogen  to  yeast  in  the  absence  of  carbohydrate. 

MainUmcmce. — Certain  evidence  has  already  been  referred  to  which  suggests 
that,  in  the  wear  and  tear  of  active  cells,  it  is  not  the  whole  of  tiie  larjje  molecules 
of  the  nitrugeuous  cuxu^itituents  of  the  protoplasmic  system  that  are  broken  up.  One 
flwy  state  the  fsct  either  in  the  form  that  certain  *'side^hains  ^  only  of  a  giant- 
inoleoule  or  '*biogen"  are  disintegrated,  or  that  certain  chemical  individualsu 
forming  part  of  the  total  reaction  syst<?ms  of  the  cell  mechanism,  arc  decomposed, 
perhaps  by  subsidiary  reaction.  Reasons  have  been  given  above  (page  11))  for 
regarding  as  dou  btf ul  the  biogen  "  view,  and  further  evidence  against  it  will  be 
found  on  page  498,  but,  in  the  present  state  of  knowledge,  decisioii  is  impossible. 

As  to  the  fact  that  protoplasm  itself  does  not  break  up,  some  additional 
evidence  may  be  mentioned  here.  M'Collum  (1911,  2)  feeds  pigs  for  a  .sufficient 
tin\e  on  protein-free  diet  to  obtain  a  constant  ratio  between  the  creatinine  and  the 
total  nitrogen  output;  the  total  nitrogen  is  then  taken  as  being  that  due  to 
endogenous  metabolisoL  The  food  protein  to  be  tested  is  then  introduced  into  the 
food  in  quantity  equivalent  to  the  nitrogen  excreted,  an  isodynamic  portion  of  the 
car]|phydrate  food  being  witiiheld  The  experiments  of  most  interest  in  the  present 
eonaeetion  are  those  with  zein  and  with  gelatine.   Zein  contains  neither  glycine^ 
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lysine,  nor  trypiv>phane,  but  an  excess  of  glutamic  acid;  gelatine  contains  neither 
tyrosine  nor  tryptophane,  bnt  an  excess  of  glycine.  The  animal,  howeTer,  utilises 
the  nitrogen  of  zein  to  the  extent  of  80  per  cent.,  and  that  of  gelatine  to  50  or  60 
per  cent.  This  is  shown  by  the  fact  that,  instead  of  the  extra  nitrojjen  given 
appearing  in  the  urine,  as  would  happen  if  it  were  not  utilised  for  repair,  onlv 
per  cent,  or  40  per  cent,  respectively  is  excreted.  On  the  other  hand,  when  zeiu  is 
given,  even  in  oonsidereble  excess  over  maintenance  need,  no  evidence  is  obtained 
of  the  formation  of  new  body  ^ssue ;  whereas,  if  casein  is  given,  20  to  26  per  cent 
increase  in  body  protein  results.  It  seems  evident  that  the  repair  proorases  are 
of  a  different  chnrncter  from  those  of  growth.  The  processes  of  ceil  wear  and  tear 
and  their  repair  do  not  appear  to  involve  the  destruction  and  resynUiesis  of  ao 
entire  protein  molecule. 

In  the  investigation  of  the  endogenous  nitrogen  metabolism,  the  importance  of 
ereaiim  has  been  pointed  out,  ao  that  a  few  words  as  to  its  chemical  natnre  are 
advisable.  It  may  be  looked  upon  as  a  sul^tituted  guanidine^  in  that  one  of  the 
Kilo  groups;  is  replaced  by  methyl-glycine.   Thus : — 

Quanidine  is — 

/NH. 

Methyl-glycine  or  aareosine  is — 

H-N-CH^CXX>H 

Creatine  i»— 

\N-CHgOOOH 

I 

CH3 

When  boiled  with  dilute  acids,  it  loses  a  molecule  of  water  and  is  converted  into 
orsoHftifM,  an  internal  anhydride,  with  basic  properties,  since  the  GOOH  group 
has  disappeared: — 


in. 


Creatinine  is  converted  again  into  creatine  in  alkaline  solution  (see  Bunge-Plimmer, 
1907,  pp.  153-155). 

The  tiietUod  luted  fur  estimation  is  that  ot  Folin  il904),  which  depends  ou  the  colour 
rsaction  of  cnatinine  wifeii  alkaliiM  sodtnm  ptcrate,  as  diucribiMi  by  Jafii^. 

As  WkMfM  are  important  constituents  of  the  cell  nucleus,  it  is  to  be  expeote<i 
that  their  metabolism  would  be  chiefly  of  the  endogenous  kind.   Before  discussing 

the  question,  the  chemical  nature  of  these  substances  must  be  indicated. 

alreadv  described,  tlieir  clianicteristic  group  i*^  Ov^  purine  nucleus,  the  chemistry  of 
which  has  })eeu  completely  worked  out  by  Ktmi  Fischer  (1882-1906).  It  may  be 
regarded  as  a  fusion  of  the  pyrimidine  and  imin-azole  rings,  thus : — 

— N  C=  1^       I  — m  06= 

=i      C—  !!^      ^/"^  <!»— N7^ 

— N — H;-  ^    ^\  —lira — lk-N»^'^^ 

pyrimidine  Ring.  Imin'SZole  Ring;  Purine  Xuclevi=;. 

It  will  be  noticed  that  in  the  purine  nucleus  the  two  component  rings  have  two 

carbon  atoms  in  common. 

For  convenience,  each  constituent  of  the  purine  nucleus  is  numbered,  as  in  the 
formula.   Purine  itself  is  represented  as : — 
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and  IS  lescnbed  as  2-6-8  trioxy-purine.  A  large  number  of  important  derivatives 
are  knuNs  n,  in  which  amino-,  oxy-,  or  methyl  groups  occur  in  various  positions. 

The  subfttances  called  nudiina  are  oompoaoda  of  a  protdn  vith  nocleio  acid. 
Thia  latter  18  itaelf  a  compound  of  phoephorio  add  with  a  pentose  (five  carbon 
sugar)  and  a  purine  or  pyrimidine  derivative.  There  is  a  whole  series  of  enzymes 
concerned  in  the  metabolism  of  nucleins,  according  to  the  nature  of  the  particular 
purine  derivative  present  (see  the  monograph  by  Walter  Jones,  1914). 

IHirMM  MOaboUsm, — ^Like  that  of  proteins,  is  exogenom  aoid  endogenous. 
If  we  look  at  Folin'e  table  reproduced  on  p.  94  of  Cathcart's  monograph  (1912), 
we  may  note  that,  although  the  excretion  of  uric  acid,  taken  as  representing 
the  purine  metabolism,  increases  somewhat  on  a  diet  rich  in  nitrogen,  the 
relative  increase  is  much  less  than  that  of  urea.  Thus,  while  urea  rises 
from  2-2  g.  to  14-7  g.,  uric  acid  only  rises  from  0O9  to  0*16  g.  Thia  indicates, 
as  Folin  points  ou^  that  the  chief  source  of  uric  acid  is  endogenous.  In 
these  experiments,  pminei  mm,  of  course,  excluded  from  the  diet,  as  far  as 
possible.  At  tlie  oame  time,  if  purine  dorivfitives  are  given  in  the  food,  in 
excess  of  tlie  amount  required  for  maintenance,  they  are  excreie*!.  The  data 
of  Hamill  and  Schryver  (1906)  show  that,  on  ordinary  diet,  there  is  a  constant 
Fstio  between  the  uric  acid  and  total  nitrogen  output.  The  organism  can  also 
form  purines  from  ordinary  protsins,  as  shown  by  their  increase  in  the  developing 
chick  ;  l>efore  incubation,  there  are  practically  no  purines  in  the  egg.  Although 
we  have  no  evidence  of  such  synthesis  in  the  adult  T!i;imm  d,  it  cannot  be  exchided 
as  a  pc^ibility.  Moreover,  the  question  is  complicated  by  the  fact  that  there  are 
oxidioDg  enzymes  in  variovs  tissnee,  whose  action  results  finally  in  the  oonyersion 
of  nric  add  into  urea  and  oxalic  acid.  One  of  the  intermediate  substances  formed 
is  alloxan,  whose  possible  intervention  in  the  pmcf  of  de-amination  we  have  seen 
above  (page  Ackroyd  and  Hopkins  (1916)  have  obtained  evidence  that 

arginiae  and  histidine  together  may  serve  as  sources  of  tiie  purine  ring. 

As  regards  endogenous  uric  acid,  there  are  two  states  in  which  increased 
excretion  occurs,  fever  and  severe  muscular  work.  Both  are'  associated  with 
breakdown  of  muscular  tissue,  so  that  the  uric  acid  seems  to  be  chicdly  derived 
from  this  tissue 

For  further  inlormation,  the  reader  is  referred  to  Starling's  book  (1915,  pp. 
774-782). 

The  incieasod  production  of  uric  add  in  severe  muscular  exertion  leads 
us  next  to  consider  the  question  of  protein  metabolism  in  work. 


NITROGEN  METABOLISM  IN  MUSCULAR  WORK 

Since  the  endogenous  output  of  nitrogen  is  to  be  regardcjjd  as  the  expression 
of  wear  and  tear  of  the  tissues,  it  would  naturally  be  expected  tiiat  muscular 
work  would  lead  to  a  marked  increase 

But  it  is  a  remarkable  fact  that,  so  long  as  the  work  not  excessive  and  does 
not  lead  to  pathological  conditions,  there  is  practically  no  change  in  the  nitrogen 
ootpntr  assuming  idso  that  the  supply  of  carbohydrate  and  of  oxygen  are  in 
sufficient  amount 

For  the  various  evidence  bearing  on  thi-?  point,  the  reader  is  referred  to 
Cathcart's  monograph  (1912,  pp.  109-121).  The  work  of  Hig;;ins  anfi  IVnedict 
(1911)  on  the  urine  of  the  runners  in  one  of  the  Marathon  races  may  be  added. 
They  were  unable  to  determine  the  absolute  amounts  of  the  various  constituents, 
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but  point  out  the  iinportanco  the  ratio  of  carbon  to  nitrogen  and  of  cnloriei 
to  nitrogen,  as  indicating  normal  or  perverted  protein  metabolism.  In  twelve  out 
of  eighteen,  the  values  were  normal,  in  six  they  were  high.  In  these  six,  there 
was  practically  no  laetic  add  and  qp  reducing  power  to  indicate  diatorbaoee 
of  carbohydrate  oxidation,  so  that  the  resnlt  unat  be  considered  to  be  doe  to 
abnormal  protein  metabolism.  Such  substances  as  creatinine,  uric  acid,  amino- 
acids  would  account  for  the  increase  of  the  (mrl)on  to  nitrogen  ratio  aboTe  the 
normal,  where  it  is  given  chiefly  by  urea  and  ammonia.  I 

There  is  general  agreement  that  the  sooroe  of  the  energy  in  mnscokr  work  is 
the  oxidation  of  carbohydrate,  which  will  be  discussed  in  the  next  section  ol  this 
chapter.  At  the  same  time,  it  is  extraordinary  that  tliero  should  be  so  little  evidcnoo 
of  increased  wear  and  tear  of  the  nitrogen-containing  machinery  of  the  cell 

What  explanation  can  be  suggested  for  this  facti    To  begin  with,  although  I 
ezcessiTe  work  may  be  looked  npon  aa  pathological,  the  fact  that  nric  add  is 
increased  in  such  a  condition  suggests  that  there  is  always  an  increase  of  the  | 
endogenous  protein  breakdown  due  to  wear  and  tear,  since  the  result  of  excessive 
work  is  probably  to  l>e  regarded  merely  as  an  exaggeration  of  a  particular  phase  j 
of  the  chemical  reactions  involved  in  the  whole  process  of  contraction  and  restitu- 
tion.   Moreover,  analysis  of  muscle  itself  after  work  has  shown  that  the  purine 
content  is  increased  (Burian,  1905,  M^Leod,  1899),  while  Brown  and  Oathcsrt 
.  (1909)  and  Fekelharing  and  Van  Hoogenhuyze  (1910)  found  an  increase  di  creati&e. 

Hermann  (1SG7,  p.  100  of  the  fir^t  part)  distinguished  between  two  processes  | 
in  muscle,  the  one  the  contraction  proi  e-s,  by  which  energy  is  given  out,  associate<l 
with  the  production  of  carbon  dioxide,  lactic  acid  and  a  nitrogenous  compound,  i 
called  provisionally  "myosin";  the  oth^  process  is  associated  with  a  udng  up  of  I 
the  tinne  itself,  giving  rise  to  carbon  dioxide  and  creatine.    The  restitution  of 
the  energy-aflfording  material  of  high  chemical  potential  is  effected  by  the  aid  j 
of  oxygen,  and  innken  use  of  the  nitrogenous  product  of  the  breaking-down  process 
« myosin"  and  probably  also  of  the  lactic  acid.    The  restitution  of  the  ti»ue  | 
strttcture  itself  requires  the  supply  dl  some  nitrogenons  material  from  withoat— 
Hermann  says  *' protein,"  we  should  now  prefer  to  say  amino4idds  or  purines. 
OxygOB  is  of  course  required.    The  resemblance  of  this  view  to  that  associated  with  | 
the  names  of  Fletcher  and  Hopkins,  which  they  have  establinhed  hy  a  large 
number  of  experiment's,  and  shown  that  the  contraction  itseit  is  a  double  proct^s,  i 
is  great,  as  we  shall  see  later ;  the  point  to  be  noticed  here  is  the  diiference 
between  the  nitrogenous  metabolism  in  the  two  kinds  of  change;  the  nonnal  i 
contraction  results  in  the  separation  of  a  substance  which  is  used  up  again  with  I 
the  aid  i  f  etn  ^v  derived  from  an  oxidation  procei^s  of  some  kind,  whereas  the  wear 
and  tear  of  the  machine  itself  gives  off  such  nitrogenous  compounds  as  creatine  or  j 
uric  acid,  etc.,  which  are  excreted  and  must  be  replaced  by  new  material. 

The  name  "tnogen"  for  the  ooinplex  subeUnce  of  high  energy  content  was  first  usedbj 
HarmsBD,  sod  will  be  found  on jp.  79of  th«  third  part  of  the  book  abov^  rofened  to.  Tm 
statement  is  mad«  there  that  it  was  euggested  in  the  mocmrt  edition  of  ths  SSOie  Sntbof'i  , 

"  Gnindriss  der  Fbysiologie  de«  Menschen,  Berlin,  1867. 

In  9t-arvation,  the  hfN^tjvhile  continually  at  work,  does  not  lose  wdght ;  so  that 
it  niust  be  able  to  ulilise^^geu  derived  from  the  ullier  tissues.  In  Cathcarfs 
experiments  (1909),  already  mentioned,  the  appearance  of  creatine  in  starvation 
was  made  use  of  to  investigate  the  problem  of  lesvntbesis.  It  was  assumed  that 
its  escape  was  due  to  the  absence  from  the  tissues  ol  some  material  which  norsuilly 
caused  its  ret**ntion.  It  was  found  to  disappear  if  carbohydrate  food  was  i^Vpn, 
V)ut  not  if  either  protein  or  fat  without  carbohydrate  was  given.  The  appearance  of 
creatine  is,  according  to  this  worker,  to  be  regarded  merely  as  an  index  of  failure  , 
of  resynthesis,  which  process  only  takes  place  in  ^e  presence  of  carbohydrats.  > 

We  saw  above  (page  269)  how  important  the  function  of  carbohydrate  is 
in  the  synthesis  of  protein,  so  that  the  hypothesis  in  ^  ^plicaticm  to  muscle 
is  in  accordance  with  other  known  fact.s  '  " 

Ab  to  the  nature  of  the  ohemioal  ohanges  ooncernMi  in  this  syntheeis  ofprotein  under  tht  1 
influenoe  of  oarbohyd»te  we  have,  at  pre««nt,  little  mors  tlMm  suggestioaa.    We  know  ttist 
simple  sldehydss  fonn  oonpoonds  with  aanmonia,  and  it  ■eems  more'thsn  llksly  that  usiso* 
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Adda  combine  in  a  similar  way  with  reactive  aldehydes  or  ketones,  in  the  orffanism.  Tha 
fommtion  of  pyruvic  and  glyoerio  aldehydes  in  oarbohydrate  metaboUiuD,  as  we  wall  aee  later, 
is  praotically  certain. 

Knoop  (1910)  allowed  that  an  o-ketoriic  acid  injected  into  an  animal  was  converted  into 
the  oorre^onding  amino-aoid.  Thia  is  the  reverse  process  to  one  oC  the  mode*  of  de-amination 
of  ■.w»i»m%.mMm,  h  wo  eaw  ftbove^  and  is,  apparently,  together  with  tiio  noillar  oonvemoii  of 
A*li7dro^-Mid«,  the  fiiat  step  in  reeyntheos  of  proteuu 

OARBOHTDRATE  METABOLISM* 

Many  facta  rdating  to  this  part  of  our  sabjeet  have  been  referred  to  previously, 

in  an  incidental  manner.    It  ^vill  have  become  clear  that  the  great  function  of 
arbohydrate  food  is  to  afford  energy.    Tliis  applies  not  only  to  that  given  off  * 
bv  muscle  in  contractinti,  al)Out  which  more  details  will  be  given  in  Chapter  XIV,, 
but  also  to  that  required  to  bring  about  endothermic  reactions^  an  example  of 
which  we  have  met  with  In  the  Gaae*of  nitrifying  organisms. 

The  oonminiption  of  nigar  in  the  aotive  heart  haa  been  ehown  by  Locke  and  Rosenheim 

<1907),  Rohde  (1910),  and  confirmed  by  others  ;  in  the  intestine  I  v  Rona  and  Xt-ukirch  (1912). 
in  these  cases,  the  particular  kind  of  sugsur  supplied  is  not  a  matter  of  indifferenoe.  Dextrose, 
mannoee,  and  galaotoao  are  otilked  by  the  tnteatinal  mosole,  and  inereaM  its  aotivity.  Finietoae 
ie  aaid  not  to  bo  oonramad  by  thia  rnnaole,  and  to  have  no  eflbot  in  inoreaaing  its  aotlWty. 

In  what  follows  I  sraat  aname  tiiafc  the  reader  is  familiar  with  the  elementary 

facts  relntintr  to  the  properties  and  stereochemistry  of  the  ordinary  carbohydrates; 
they  will  be  found  in  the  btwk  of  Bunge  and  Plimmer  (1907,  pp.  106-130)  and 
frufu  some  aspecta  in  that  o£  L.  J.  Henderi»on  (1913,  pp.  222-232).  The  work 
of  Emil  Fischer  (1884>1906)  has  been  the  chief  means  of  our  information  of  the 
constitution  of  the  sugars  \  as  we  have  seen,' that  of  the  purines  and  proteins  Is 
al>o  clue  to  him. 

Since  the  organism  must  have  a  supply  of  material  for  energy  purposes,  if  the 
mure  appropriate  curboiiyd rates  and  fats  are  absent,  protein  is  used  up.  This 
function  of  carbohydrates  as  spdrere  of  protein  is  shown  even  in  starvation,  where 
the  nitrogen  ou^at  falls  to  one-third  of  its  previous  amount  if  cream  and  starch 
are  given  (Cathcart,  1909).  But  carbohydrate  is  more  efTective  than  fat;  the 
nitrogen  output,  diniinished  by  carbohydrate,  goes  up  again  on  fat  only.  The 
fact  is  probably  one  aspect  of  the  essential  function  of  carbohydrate  for  protein 
synthesis. 

PRODUCTS  OF  CARBOHYDRATE  METABOLISM 

Altbougli  the  ultimate  products  of  carl  oliy. Irate  metabolism  in  the  organism 
are,  of  course,  carbon  dioxide  and  water,  it  is  a  matter  of  interest,  as  well  as  of 
importance,  to  know  the  stages  passed  through,  since  these  result  in  the  production 
of  reactive  substances,  which  phy  an  essential  part  in  various  physiological 
phenomena,  including  the  processes  of  syntliesis. 

Tlie  knowlecige  we  posscs.s  is  due  mainly  to  the  work  of  Embden  with  his 
A;o  worker8  and  of  Dakin  with  his  co-workers.  To  simplify  (iescription,  a  diagram, 
taken  in  the  main  from  lite  results  of  these  InvestiiEators,  will  be  of  service : — 

'  li^lacoae 

H  ^ 

Active  glyceric  aldehyde  4I  Glycerol 

H 

f^yruvic  aldehyde  ^  c^-Alanine 

H 

G^-Lactic  acid 

H 

Pyruvic  acid 
Aoeto4cetic  acid      Acetaldehyde  i.  Alcohol 

(Acetic  acid) 
Oarhon  dioxide  and  water 
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Patting  chemical  fonnultt  in  place  of  namea,  ve  have : — 
GH2OH.CHOH.OHOH.CHOH.GHOH.CHO 

OH,OH.CHOH.CHO  I  0H,0H.CHOH.OHO:|:0H,OH.CHOH.CH20H 

OH, .  CO .  OHO  X  OH,CH<NH,).OOOH 

*  I. 

CH,.CHbH.COOH 

CII-.CO.COOH  - 

CH,.CX).OHs.COOH      CH,.CHO  ^  CH«.CHt.OH 

\ 

(CH,.COOH) 

2C0,  i  m^o 

It  will  be  noticed  that  most  of  these  reactions  are  marked  as  being  reversible ; 
we  shall  find  evidence  of  this  by  direct  experiment  in  most  cases  and,  as  is  pointed 
out  by  E^bden  and  Eraus  (1912),  the  processes  of  hydrolysis,  oxidation,  and 
synthesis  are  all  intimately  connected  in  carbohydrate  metaboUsm.  Carbohydrate 
food,  when  stored,  takes  the  form  of  glycogen  and  this,  hydrolyaed,  becomes 
glucose  ns  required  by  the  or^rani^t^K  TTere  wc  havo  clearlv  a  reversible  reaction 
and  the  tact  that  L^hu  ost'  is  produced  warrants  our  taking  glucose  as  the  starting 
point  of  our  investigation. 

We  may  now  inquire  what  experimental  eyidenoe  there  is  lor  the  eenea  of 
changes  represented  as  occurring  in  the  organism.  It  will  be  noted  that  some  of 
the  reactions  in  the  numbered  paragraphs  include  more  than  one  step.  They  are 
numbered  for  convenience  nf  future  reference  and  the  letter  R  dire^'ts;  attenti  n 
to  the  fact  that  the  reaction  so  marked  is  the  synthetic  aspect  ot  the  reaction 
with  the  same  number. 

1.  to  Laetie  Aetd, — Embden  and  Krane  (1912)  showed  that  the  Hrer, 

when  poor  in  glycogen,  produces  lactic  acid  when  blood  containing  glucose 
perfused  through  it.    If  the  liver  contains  much  glycogen,  lactic  acid  is  giiren  oS 
without  the  neceaaity  of  addins:  glucose, 

1.  B.  Lactic  Acid  to  Glucose. — The  previous  reaction  reversed.  In  tli*? 
above  experiments,  if  the  liver  was  poor  in  glycogen  and  blood  oontainiug 
lactic  acid  was  perfused,  lactic  acid  was  found  to  disappear.  Further,  lactic 
acid  is  converted  to  glucose  in  the  dog,  made  diabetic  by  removal  of  the 
pancreas  (Embden  and  Oppenheimer,  1912,  p.  196),  (Mandel  and  Lusk,  1906). 

The  vnrinus  changes  with  whicli  we  are  dealiog  are,  in  all  prohahility,  some  of  them 
certaialv,  earned  uut  by  the  agency  of  enzymes.  The  oooditions  in  whioh  enzymes  favour  iho 
qrothetic  side  of  remnble  reactiont  will  he  disooned  in  the  next  diapter. 

2.  Glyceric  Aldehyde  to  Lactic  Aci'/.—Vslw  is  glyceric  aldehyde  ' 

(C  H.O  H .  CHO II.  C  HO), 

instead  of  dihydroxy-acetone  (CH^OH.CO.CHjOH),  indicated  as  the  intermethattj 
stage  between  glucose  and  lactic  acid  ?    From  the  action  of  alkali  on  glucose 
Dakin's  monograph,  1912,  p.  86)  it  is  most  probable  that  one  or  the  other  of  thew 
is  the  correct  one.    Embden,  Baldes  and  Srl)initz(1912)  .sliowed  that  washed  blood 
corpuscles  readily  form  lactic  acid  fr<^ni  the  former,  as  they  do  from  glucose,  hut, 
that  from  diliy(hoxy  acetone  very  little  is  formefl,  fpits  in  fact  than  from  crlucosr, > 
so  that  it  does  not  appear  to  be  the  normal  process.    It  is  remarkable  that  tlie 
unnatural  Mactic  acid  is  formed  in  larger  proportion  than  the  (i-lactic  acid. 
The  liver,  when  poor  in  glycogen,  has  the  same  ei^t. 

It  ia  probable  that  the  Mactic  acid  appeared  in  these  experiments  beoMue  the  rmCMnie 

glyr.'r  if:  aldehyde  wfi"?  Ti?od  and  thr     romponent  i=!  tised  by  the  liver  to  form  glucose  mo:*. 
rapidly  than  is  the  ^com{)onent,  with  which  the  lactic  acid  reaction  has  to  be  ooateot,  «(* 
•pesk.    On  the  other  hand,  there  is  evidence  that  di-hydroxy-acetone  ii  more  letdilf 
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fermented  by  veast  th*n  ia  glycerio  aldehyde,  bo  that,  in  this  case,  it  may  be  the  iatermediato 
stage  ;  althoagb  iMlio  add  itself  does  not  Mem  to  be  ao  (aee  Hardea's  mottograph,  1911, 

pp.  90-d4). 

2.  R.  iM'-fx-G  Acid  to  Olycftrie  Aldehyde. — I  am  not  aware  that  this  change  has, 
directly,  btt;n  shown  to  occur.  But,  of  course,  if  glyceric  aldehyde  is  au  inter- 
mediate stage,  it  must  do  so,  since  lactic  acid  is  convertoci  to  glucose,  as  we 
have  aeen. 

3.  Olucoae  to  Olyceric  Aldehyde, — ^This  reaction  also  has  not  actually  been 
shown  to  happen,  but  the  same  argument  as  above  applies. 

3.  B.  Glyceric  Aldehyde  fn  Glucose. — Embden,  Baldes  and  Schmitz  (1912,  p.  127) 
have  brought  evidence  to  show  that  the  liver  performs  this  reaction. 

4.  B.  Oiyeerol  U>  ^/«mom.— Confirmatory  evidence  of  the  importance  of  glyceric 
aldehyde  is  aflTorded  by  the  behaviour  of  glycerol.  Luthje  (1904)  showed  that  the 
diabetic  animal  can  form  glucose  ftom  glycerol,  and  Schmitz  (1912)  found  that 
glycerrO,  added  to  blood  perfused  through  the  liver,  diminished ;  although  if  the 
Uver  were  rich  in  glycogen,  this  did  not  occur. 

5.  Lactic  Acid  frtm  Olycerci. — Oppenheimer  (1912)  showed  that  lactic  acid  is 
formed  from  glycerol  by  perfusion  through  the  glycogen-free  liver.  Ihe  obvious 
wav  from  glycerol  to  lactic  acid  is  by  glyceric  aldehyde,  as  a  stage  of  oxidation, 
80  that  tlio  wav  to  glucose  is  also,  no  doubt,  through  the  same  substance. 

5.  R.  Glycerol  from  Lactic  Acid. — Embden,  Schmitz,  and  Baldes(i9l2,  p.  185) 
showed  that  the  Uver,  perfused  with  glyceric  aldehyde,  forms  glycerol,  so  that  this 
reactioD,  again,  is  a  reversible  one. 

6.  R.  Alanine  JfWii  Pyruvic  Acid, — As  already  mentioned,  the  formation  of 
alaninr  from  pyruvic  or  lactic  acid  has  been  shown  by  Knoop  (1910),  and  by 
Eanbden  and  Schmitz  (1910). 

6.  Lactic  Acid  from  Alanine. — Neuberg  and  Langstein  (1903)  obtained  this 
tesult»  so  that  tite  above  reaction  is  reversible.  Neuberg  and  lAngstein's  reaction 
is  interesting  as  one  of  the  first  definite  cases  of  de-amination  in  the  animal 
organisiTi.    The  reaction,  no  doubt,  passes  through  the  stage  of  pyruvic  aldehyde. 

7.  Pyruxnc  Acid  to  Lactic  Add. — -Paul  Mayer  (1912)  found  that  sodium 
pyruvate  in  excess,  administered  subcutaneously,  gave  rise  to  both  glucose  and 
lactic  acid  in  Uie  urine.  Embden  and  Oppooheimer  (1915)  found  that  large 
amounts  of  lactic  add  were  produced  by  perfusion  of  the  glycogen-free  Uver  widi 
pyruvic  acid. 

8.  Pyruvic  Acid  to  Ghicose. — See  number  7  above.  A.  I.  Ringer  (1913)  also 
found  that  pyruvic  acid  yields  glucose  in  the  organism ;  but  in  certain  cases  it 
was  found  that  the  amount  obtained  was  much  less  th^n  when  corresponding 
amonnts  of  lactic  acid  or  alanine  were  given.  Pyruvic  acid,  apparently,  is  not  a 
necessary  intermediate  stage  in  the  conversion  of  alanine  into  glucose.  What  the 
intermediate  stage  is  will  appear  presently.  Pakiii  and  Janney  (1913)  state  that 
pyruvic  acid  is  only  converts  1  to  glucose  when  the  conditions  are  such  as  to  favour 
its  initial  reduction  to  lactic  acid,  which  is  the  necessary  intermediate  stage. 

9.  Pyruvic  Aldehyde  to  LacHc  Add. — ^ruvic  aldehyde  ia  sometimes,  not  quite 
correctly,  adled  methyl-glyoxal,  but  it  cannot  chemically  be  regarded  as  derived 

/CHCK 

from  glyoxal  (  i      )  by  replacement  of  a  hydrogen  atom  in  an  aldehyde  group 
VCHO/ 

by  methyl.  Although  Embden  and  Oppenheimer  (1913)  do  not  think  that  this 
substance  i.s  an  intermediate  stage  between  glucose  and  lactic  acid  on  account  of 
its  not  being  optically  active,  recent  work  by  L>akm  and  Dudley  (1913,  1,  2,  3) 
indicates  that  it  has,  to  say  the  least,  considerate  importance.  These  observers 
find  that  there  is  pr^nt  in  nearly  all  tissues,  eepeciaUy  in  the  Uver  and  muscles,  an 
enzyme,  glyoxalase,  which  acts  with  great  rapidity  on  "glyoxals"  of  various 
composition,  transforming  them  into  lactic  acid  compounds.  The  presence  of  this 
enzyme  strongly  suggests  that  pyruvic  aldehyde  is  an  intermediate  sta^e  between 
glucose  and  lactic  acid  and  it  might  weU  come  in  between  glyceric  aldehyde  and 
lactic  acid  in  the  scheme  given  above.  The  fact  that  it  does  not  possess  an 
asymmetric  carbon  atom  and  that,  on  this  account,  tiiere  are  not  two  optical 
isomers,  as  in  lactic  acid  and  in  glyceric  aldehyde,  is  no  serious  objection  to  the 
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view  of  its  importance  a,8  an  intermediate  substance  between  them.    I>&kin,  , 
indeed,  thinks  tbat  the  fiiet  of  its  optical  inaetivitir  is  fevoitrable  to  the  ayntherii  j 
of  dextrose  through  glyceric  aldehyde.    Suppose  that  both  optical  isomers  of  lactic  | 
acid  he  present,  then,  if  converted  first  into  pyruvic  aldehyde,  dextroglyceric  i 
aldehyde  may  be  formed  from  both,  by  an  appropriate  optically  active  catalT«t. 
and,  from  this,  dextrose.    In"  fact,  Mactic  acid,  the  unnatural  form,  readily  yieiiis 
glucose  in  the  animal  organism,  when  rendered  diabetic  by  phloridzin  (Dakin  and  I 
Dudley,  1913,  2,  p.  129).   We  shall  see  later  that  an  optically  active  catalyst  is 
aUe  to  form,  from  optically  inactive  substances,  a  prepondevaaoe  of  one  optical  ! 
isomer  of  an  optically  active  product.      When   acting  on  pyruvic  aldehyde, 
glyoxalase  yields  a  mixture  of  the  two  forms  of  lactic  acid,  but  in  unequal 
proportion,  and  the  authors  think  that  two  enzyme  are  concerned,  since  au 
ensyme  prepsration,  giving^  when  fresh,  a  preponderanoe  of  the  bavo-add,  aftsr 
standing,  gave  an  excess  olthe  dextro^id,  when  acting  ob  a  new  supply  of  tlie  . 
substrate.    Glyoxalase  appears  to  have  a  wide  distribution;  it  has  been  found  in 
the  oyster  and  in  yeast.    It  is  absent  from  the  pancreas  and  a  substance  is  present 
in  extracts  of  this  gland  which  has  the  power  of  actually  inhibiting  the  action  of 
glyoxalsse  (Dakin  and  Dudley,  1913,  3).   These  facts  are  significant  in  view  of 
the  profound  relation  between  the  pancreas  and  carbohydrate  metabolism. 

9.  E.  Lactic  Acid  to  Pyruvic  Aldehyde. — Dakin  and  Dudley  (1913,  1) 
showed  that  lactic  acid  is  readily  converted  into  pyruvic  aldehyde  by  digestion 
with  nitro-phenyl-hydrazine.  Further,  that  in  faintly  acid  solution  both  lactic 
acid  and  alanine  are  decomposed  with  formation  of  pyruvic  aldehyde :  | 

CH,.CHOH.OOOH-^CHa.CO.CHO  <f  H,0 
CHa.CH.NH^OOOH^H,.CO.OaO  +^H. .  \ 
By  the  action  of  glyoxalase  then,  lactic  acid  can  be  obtained  from  alanine  thiongli  ; 
the  intermediation  of  pyruvic  aldehyde.    With  the  exception  of  the  direct  con- 
version of  pyruvic  aldehyde  to  alanine,  all  the  ivactions  involving  the  interconversion 
of  glucose,  pyruvic  aldehyde,  lactic  acid,  and  aiamue  are  shown  to  be  reversible  asA 
the  antiiors  named  have  obtained  the  analogous  synthesis  <^  glycine  from  glyoxsL 

AceUddekyde.  —  Neubauer  (1909)  showed  that  a-ketooio  adds  are  changed 
in  the  organism  into  the  ordinary  fatty  acid  with  one  less  carbon  atom ;  so  that 
P3^ruvic  acid  will  go  into  acetic  acid.  In  this  process  it  does  not  seem  y)Assible 
that  any  intermediate  stage  other  than  that  of  acetaidehyde  would  be  passed 
through. 

Aooordini^  to  Neuberg  and  Karcz&g  (1911)  yvult  juioe  ferments  pvrsvio  amd  with  tiw 
production  ot  carbon  dioxide  and  acetaidehyde.  Ma>uda  (1912)  found  that  the  liver,  perfu**^ 
with  blood  containing  aloohol,  fonns  aldehyde  and  Exnbden  and  Baldee  (1912)  that  the  rerem 
ehaags  from  aoetaklehyds  to  aloobol  also  twees  place,  even  ia  the  prsssnoe  of  ooQrgen. 

There  is  no  evidence  that  ethyl  alcohol  is  a  direct  stage  in  the  oxidation  of  i 
glucose  in  the  animal  organism,  but  it  appears  that  acetaidehyde  may  well  be 
a  stage  in  the  formatioD  <^  alocdud  from  sugar  in  fermentation,  although  it  does 
not  seem  to  be  a  necessary  one.  Alanine  is  fermented  by  yeast  with  formation 
of  alcohol,  carbon  dioxide,  and  ammonia  and  the  most  likely  stages  seem  to 
be  pyruvic  acid  and  acetnldehyde. 

Mention  may  t>c  made  of  the  fact  that,  under  certain  cundilioas,  probabi}'  of  deficient 
oxidation,  ethyl  alcohol  may  be  obtained  by  distillatioD  of  various  Usirass,  sepeciaUy  nauede. 
Tfu^  pf^'Rsibility  of  absorption  from  the  ahnientary  canal  seems  to  have  been  excluded  in  some 
oi  thc&e  experiiroents,  although  it  must  be  admitted  that  it  does  not  appear  to  be  an  cm/ 
matter  to  be  certain  that  it  is  so. 

AmtO'aieslAo-acid  is  produced  by  the  liver  from  pymvic  aad>(BBibden  sax) 
Oppenheimer,  1912).   It  must  be  formed  by  aldol  oondensation  from  aoetald^yde^ 

through  yS-oxy-bn^^c  acid. 

'•  Aldol  condevmhon,"  the  reader  may  be  reminded,  is  simply  the  union  of  tMo  molecoles 
oi  aoi  aldehyde,  which  may  bt-  effected,  for  example,  by  the  action  of  strong  bydrochlonc 
add*  thus* — 

CHjCHO  +  CH/;  HO   CHjCHiOH  )CH„CHO. 
Aceto-acetic  acid  is  found  in  the  urine  in  certain  pathological  state?  associated 
with  disturbed  carbohydrate  metabolism  and  has  been  found  by  Masuda  (1912) 
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to  be  formed  by  thp  Hver  from  ethyl  alcohol  through  the  intermediate  stage 
of  acetaldohyde ;  so  tliac  acetaldehyde  is,  as  it  were,  the  meeting  place  of  two 
reactions,  both  leading  to  aceto-ocetic  acid,  the  one  from  pyruvic  acid,  the  other 
from  ethyl  ftloohoL 

The  farther  oxidation  of  aldehy  l   U>  carbon  dioxide  and  toater  is  probably 

throui^h  acetic  acid,  as  suggested  by  Neubaner's  change  of  pyruvic  into  acetic 
acid  in  the  organism.  This  would  then  l^e  the  chief  rcAction  ;  tho«e  leading  to 
alcohol  or  to  aceto-acetic  acid  diverging  at  the  acetaldehyde  stage. 

Another  mode  of  oxidation  o£  glucose  »liould  be  referred  to,  namely,  that  to  glucttronic  acid, 
in  which  the  CH^OH  gronp  of  gluooee  is  converted  into  GOOH.  Further  stages  of  ozidatiOD 
would  yield  saccharic  and  oxalic  acids.  Camphor,  adminisU'red  to  an  animal,  is  excreted  in 
combination  with  glucuronic  acid  (Musculus  and  von  Meriug,  ISlo).  Tliat  this  acid  arisen 
from  oxidation  of  gluooM  to  shown  by  the  eacperinieDtB  of  P&cd  Mayer  (1908),  who  fouid  that, 
in  inanition,  in  which  very  littlo  glycogen  remains  stored  up.  scarcely  any  glucuronic  acid 
waa  excreted  on  administration  of  camphor  ;  whereaB.  if  glucose  was  administered  at  the  same 
time,  the  usual  amount  was  obtained.  It  if^  doubtful  whether,  normally,  further  oxidation 
takes  place  along  this  path,  sinoe  oxalic  acid  is  only  oxidised  with  great  difficulty  in  the 
or^aaism  (Dakin,  1912,  p.  45).  At  any  rate,  this  mode  of  oxidation  of  glucose  is  not  the 
chief  or  noirnial  one. 

Diabefes.—Ii  the  pancreas  be  removed,  and  in  some  pathological  conditions, 

large  quantities  of  irluoose  are  excreted  by  the  kidneys.  A  remarkable  fact  is 
that,  even  aft'^r  all  rai  Iwhydrate  stores  are  used  up  and  none  'is  given  in  the 
food,  tlie  organism  breaks  down  body-protein  in  order  to  form  glucose.  From  , 
the  experiments  of  CRtfaeart  (page  269  aboye)  we  have  seen  the  necessity  of 
carbohydrate  for  protein  synthesis  and  the  facts  of  diabetes  suggest  that  the 
cells  imperatively  demand  carbohydrate.  It  is  interesting  to  note  that,  even 
after  a  prolonged  fast,  sugar  is  never  aVj.sent  from  the  blood  of  the  normal  animal. 

The  experiments  of  Luak  (1910)  have  sbowo  that  glycine,  alamue  and  three  of  the  oarboa 
atoms  in  aspartio  and  glntamio  aeidi  are  oooverted  into  glucose  in  the  organism  and  that 

103  parts  of  meat  can  give  08  parts  of  ^luco.se.  Since  the  reaction  is,  doubtless,  reversible,  the 
possibility  ol  production  of  various  amino-acida  from  glucose  is  shown.  For  further  infonna* 
tioo  on  the  question  of  diabetes  Me.Starlings  '*  Human  Physiology  "  (1915,  pp.  800<fl00). 

THE  FUNCTION  OF  CANE-SUGAR  IN  THE  PLANT 

According  ti)  Parkin  (1911),  .saccharose  is  the  sugar  of  most  importance  in 
the  plant,  both  as  reserve  carbohydrate  and  as  circulatinir  ^ugar.  It  servps  vn 
fact,  as  regards  carbohydrate,  much  the  same  purpot^e  as  asparagine  in  respect 
of  protein  metabolism  (Horace  T.  Brown,  1906).  Saccharose  has  properties  that 
fit  it  especially  for  such  purposes.  It  is  Tory  soluble  and  yet  easily  crystallises. 
It  is  eaailj  hydrolysed  by  acids  and  by  invertase.  It  has  no  reducing  properties, 
since  the  aldehyde  group  is  not  functional.  It  appears  tliat  it  can  be  condensed 
to  starch,  without  previous  hydrolysis,  and  probably  also  to  cellulose. 

THE  METABOLISM  OF  FAT 

The  fats  taken  as  food,  or  found  in  various  situations  in  the  body  of  the 
organiam,  are  the  tri-glyceridea  of  the  higher  fatty  acids,  sometimes  accompanied, 
as  in  milk,  by  small  amoonts  of  the  glyoeridee  ci  the  lower  fatty  acids,  butyric, 
caproic^  etc.  The  acid  may  be  either  a  saturated  one^  as  stearic,  or  an  unsaturated 
one,  such  as  oleic,  in  which  there  are  carbon  atoms  united  by  double  bonds 
("ethylene  linkage"). 

The  substances  known  as  "lipoids,"  which  were  described  above  (page  130), 
are  also  found  in  the  tissues.  The  function  of  these  in  the  formation  of  the  cefi 
membrane  has  also  been  discussed. 

Formation  of  Fat  is  the  Organism 

1.  From  Fat  in  the  Food. — If  not  oxidised  for  energy  needs,  fats  taken  aa  food 
appear  to  be  deposited  in  the  tissues  without  change.  Lebedev  (1882)  fed  dogs, 
which  had  lost  the  greater  part  of  their  fat  from  inanition,  either  on  a  diet 
containing  mutton  fat  in  considerable  amount,  or  on  a  similar  diet  containing 
linseed  oil  in  place  of  the  mutton  fat.   After  some  weeks,  it  was  found  that  the 
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fat  of  the  dog  which  had  received  mutton  suet  was  solid  at  '^0"  C,  whereas  that 
of  the  dog  fed  on  oil  was  still  liquid  at  0°  C.  Although  fats  ar^  hydrolysed  in  the 
lumen  of  the  intestine,  their  constituents  are  resynthesised  in  the  wall  of  the 
intestme,  uid  are  carried  in  the  chyle  to  the  blood  as  neutral  &t8.  The  part 
played  by  enzymes  in  this  process  will  be  discussed  later. 

2.  From  CarbohydroU  tn  the  /VwdL — ^Although  the  fonnaMon  of  fat  from 
carbohydrate  in  the  process  of  ffittfrn'Titr  finiinals  for  food  seems  ohviorT-  in  the 
ordinary  practice  of  farmera,  complete  evidence  was  wanting  until  tlie  expennieats 
of  Lawes  and  Gilbert  (1S52,  p.  350)  on  young  pigs,  fed  on  barley,  in  which  it 
was  shown  that  the  amount  of  fat  laid  on  was  considerably  greater  than  could 
possiblT  have  come  from  the  protdn  in  the  food,  after  deducting  that  used  for 
tissue  formation  in  the  body.    The  amount  of  fat  in  barley  food  is  very  sraalL 

Until  thf^  recent  work  of  Miss  Smedley  (1912)  the  chemical  mechanism  of 
such  a  transformation  was  unknown. 

As  regards  the  glycerol  component,  the  facti>  described  in  the  previous  section 
show  how  it  is  readily  obtained  from  glucose. 

As  regards  the  fatty  acid  component,  the  first  &ct  to  be  noticed  is  that  tiie 
fats  of  the  organism  are  limited  to  those  whose  fatty  acids  contain  an  even  number 
of  carbon  atoms.  There  must  obviously  be  some  reason  for  this.  Another  fact 
is  that  the  process  of  formation  from  carbohydrate  ib,  as  Leathes  has  shown  (1906, 
p.  ^5),  an  exothermic  one.  This  might,  at  first  sight,  seem  surprising,  since  the 
heat  of  combustion  of  a  gram-molecule  of  fat  is  so  much  higher  than  that  of  a 
gram-molecule  of  glucose.  But  we  must  remember  that  several  molecules  <tf  sugar 
are  required  to  form  one  of  a  higher  fatty  acid;  for  example,  stearic  acid  contains 
eighteen  carbon  atoms. 

Miss  Smedley  and  Miss  Lubrynzka  (1^13,  I  and  2)  have  brought  forward  good 
evidence  to  show  that  the  process  of  fat  synthesis  in  the  organism  takes  place  in 
the  following  way :  We  have  seen  that  pyruvic  acid  is  formed  as  a  stage  in  the 
oxidation  of  glucose.  Moreover,  there  is  reason  to  believe  that  pyruvic  acid  is 
converted  by  a  further  process,  probably  enzymic,  into  acet-aldehyde  and  carlx»i\ 
dioxide.  This  aldehyde  may  then  condense  with  another  molecule  of  pyruvic  acid 
to  form  a  higher  ketonic  acid,  thus : — 

CH.CllO  +  CH3CO.COOH  -  CH3CH:CH.C0.C( :>0H  +  H.O. 

The  in^  ostii^ators  namod  have  succeeded  in  obtaining  this  reaction  with  butyl 
aldehyue  and  pyruvic  acid. 

The  next  stage  is  the  eonTersion  of  the  ketonio  acid  thus  obtiaiied  into  its 
aldehyde  and  carbon  dioxide,  by  a  similar  process  to  that  by  which  the  acet' 
aldehyde  was  originally  obtained  from  pyruvic  acid : — 

CH,.CH<)H.CO.COOH  «  CH,.CH:OH.CHO + CO,. 

This  aldehyde,  which  has  two  more  carbon  atoms  than  that  from  which  we 
started,  condenses  with  another  molecule  ol  pyravio  add,  forming  a  ketonic 
acid  of  .«;till  lonj^er  carbon  chain,  and  so  on. 

From  tlie  unsaturated  ketonic  acid  formed  at  any  stage  we  obtain,  by 
oxidation,  an  unsaturated  fattv  acid  with  one  less  airbon  atoin»  thus ; — 

CH8.CH:CH.C0.C00PI  +  O  =  CHj-CHrCHCOOH  +  CO., 
and  from  this,  by  reduction,  the  fatty  acid  containing  two  more  carbon  atoms 
than  the  aldehyde  from  which  we  started  in  this  particular  stage.   For  example  :— 

CH,.CH:CH.COOH  +  Hs^CHg  CH...CH„.COOH, 

that  is,  we  have  obtained  butyric  acid  starting  from  acetaldehyde. 

The  process  may  be  repeated  many  times,  and  fatty  acids  with  a  long  chain 
of  carbon  atoms  obtained.   It  is  necessary  to  remember,  however,  that  branched 

chains  are  not  formed  in  this  comparatively  simple  manner. 

Tlie  reverfte  change  from  fat  to  cnrhohyfirate  is  known  to  occur  in  tha 
germination  of  fatty  seeds,  where  starcli  and  ci  llulose  are  formetl  from  the  fut. 

In  hibematiiig  mammals*  as  Pembrey  (1903)  has  shown,  there  is  au  extraordinarily  low 
respimtory  quotient  of  O'S-0'4.  This  means  that  there  is  a  ooavenion  of  aabMsneei 
ooataining  »  tmall  amount  of  oxygen  into  others  containing  a  larger  amonnt  of  oxygen,  ^st 
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is  fat  iuto  carbohydrate.  It  can  be  sbovMi  by  the  inoreMe  of  weight  that  oxygen  is  aotu&liy 
retained.   When  a  marmot  converts  the  carbohydrate  of  it*  food  into  fat»  preparatory  to 

hibernation,  the  respiratory  qtiotient  hiph. 

This  nnmerical  quantity,  the  ro^iroLory  quotient^  has  not  yet  been  explained  in  these  page& 
It  is  .-'irriply  the  ratio  of  the  volume  of  tha  owboD  dioxide  given  out  to  that  of  the  oxygen  tuen 
;n,  Carfxjhytlrate  niay  be  luoketl  upon  <a8  consi-iting  of  carbon  pl  i'^  water,  so  that,  if  this  were 
the  only  material  oxidised  in  the  organism,  the  oxygen  would  have  been  entirely  used  to 
jombine  with  the  carbon  and  the  respiratory  quotient  would  be  unity.  In  fat,  on  the  other 
hand,  besides  the  carbon  there  is  also  hydrogen  to  be  oxidised,  as  easily'  seen  by  the  formula, 
say  of  palmitin,  OgjU^^  Part  of  the  oxygen  taken  in  is  used  for  the  oxidation  of  hydrogen, 
so'that  there  is  Ism  caTbon  dioxide  given  oat  than  that  e(pii\  alent  to  the  oxy^n  taken  in  and 
the  r<«tpiratory  quotient  is  less  than  unity.  The  determination  of  the  respiratory  qootieat 
enable;  us  to  see  what  is  being  oxidised,  when  different  diets  are  given. 

.*3  Fat  from  Protein  in  the  Food. — Although  aniiiiu  acids  are  de-aminated  in 
tiie  ttr^'anisni,  s<»  tliat  pyruvic  acid  is  formed  from  alanine,  and,  from  pyruvic 
acid,  as  shown  in  the  preceding  aection,  higher  fatty  acids  can  be  synthesised, 
it  is  a  Temarkable  fact  that  all  evidenoe  tends  to  show  that  no  fat  is  laid  on 
by  the  organism,  howeyer  largo  a  diet  of  pnre  protein  is  taken.  The  effiact  is 
simply  to  increase  tiie  nitrogenous  and  general  metabolism. 

lu  certain  toxic  eonditions  there  appears  at  first  sight  to  be  a  chmi:'"  of  the  protoplasm  of 
the  cells,  especially  of  the  liver,  into  fat.  Bat  careful  iuvestiuation  has  siiown  that  there  is  no 
ftctaal  ioereMe  of  the  total  fat  of  the  body ;  what  happens  is  tnat  fat  from  other  parts  migrates 
to  the  liver  and  there  is  also  some  kin  l  of  aggregation  of  the  lipoids  of  the  protoplasm,  so  that, 
from  being  invisible  as  a  diatinot  pha^e,  they  beoome  particles  or  droplets,  readily  seen  tmder 
the  orierasoope.   Fat  is  formed  from  pratsin  in  devetoping  eggs  (M'C^endon,  1916). 

Tliat  fats  can  be  used  as  sources  of  energy^  lu  muscular  contraction,  for 
example,  is  shown  by  the  respiratory  quotient  We  have  just  seen  that,  if 
{ftt  is  being  oonsumed,  this  value  falls.  When  muscular  work  is  performed 
^ith  a  diet  consisting  almost  entirely  of  carbohydrate,  the  respiratory  quotient  is 
*>'9  ;  when  fat  is  exclusively  taken,  it  falls  to  0-72.  This  shows  that  in  the  latter 
cai<e  a  substance  containing  oxidisable  hydrogen  as  well  as  carbon,  that  is,  fat, 
is  being  consumed. 

The  chemical  proiseases  taking  place  in  the  utilisation  of  fat  are  not  definitely 
known.    But  it  is  altogether  probable  that  the  process  of  synthesis  from  lower 

fatty  acids,  described  above,  goes  also  in  the  reverse  direction  and,  when  arrived 
at,  these  acids  are  quickly  oxidised.  There  is  also  dirpct  evidence  of  the 
breakdown  of  fats  into  aceto-acetic  and  /J-oxy-ijutyric  acids,  together  with  aceton^ 
in  diabetes,  where  they  appeal'  on  a  diet  formed  exclusively  of  fat  and  protein. 
In  the  normal  organism,  an  exclusively  fatty  diet,  continued  for  some  days,  has 
been  found  to  give  rise  to  large  quantities  of  these  partiaJly  oxidised  products. 

PYRUVIC  ACID 

It  will  have  been  noticed  how  frequently  this  compound  makes  its  appearance 
in  various  metabolic  processes.  It  is  interestiiig  to  collect  together  these  facts. 
It  is  converted  into  alanine  by  a  reversible  reaction.  It  is  a  stage  in  the  oxida- 
tion of  glucose,  so  that  all  the  substances  contained  in  the  scheme  on  page  273 

ftbovp  can  be  obtained  from  it.  Further,  Miss  Sniedley's  work  has  shown  how 
higher  fats  can  be  synthesised  by  startin;^  from  pyruvic  acid.  Fats,  carbo- 
hydrates, and  proteins,  Uiere^ore,  come  into  connection  at  this  meeting  place. 

We  saw  above  that  the  living  cell  of  Aspergillus  is  able  to  form  several 
diilerant  amuH>4icids  firom  nitrate.  It  was  pointed  out,  also,  tliat  if  the 
appropriate  o-ketonic  or  hydroxy-acid  were  available,  the  corre^jMuiding  amino- 
and  could  be  formed  by  the  liver.  But  tlic  onlv  such  acids  known  t'> 
pre>*'iit  in  the  organism  are  pyruvic  and  lactic,  from  which  alanine  nlon, 
formed  directly.  Miss  8medley's  work,  however,  has  shown  how  an  unsaturated 
••ketonic  acifi  with  two  more  carbon  atoms  can  be  obtained  from  pyruvic 
From  thi.s,  by  addition  of  hydrD|2:eD,  the  saturated  ketonic  acid  ma}'  be  formed, 
and  therefore  the  amino-acin.  But  the  process  has  its  limitations,  since  it  only 
jfives  as  a  straii.,dit  chain  of  carb(»n  a»^ojns,  wliilc  leucine,  for  example,  baa  a  branched 
chain.    iSee  also  Kinger  and  Lusk  s  resuliii,  page  256  above. 
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ANALYSIS  OF  METABOLTO  PROOESSES 

The  reader  will  have  noticed  that  many  of  the  reactions  described  as  stages 
in  the  metabolism  of  proteins,  fata,  or  carbohjrdratea  rest  upon  evidence  derim 
either  from  perfusi n  of  isolated  organs  or  from  experiments  with  extracts  of 
tissues  in  vitro.  Some  investigators  appear  to  doubt  whether  legitimate  con- 
clusions, as  regards  the  processes  takinj;  place  in  the  organism  as  a  whole, 
can  be  drawn  from  experiments  of  this  kind. 

It  does  not  seem  to  mo  that  such  criticism  is  justified.  Investigation  of  the 
excreta  compared  with  the  ingesta^  Taluable  as  the  information  is  for  certain 
purposes,  gives  us  very  little  knowledge  of  the  chemical  reactions  by  which  the 
latter  are  converted  into  the  former.  The  comparison  of  the  organism  to  a  town, 
where  various  occupations  are  carried  on,  is  often  made.  If  we  notice  that  a  large 
•  quantity  of  milk  goes  into  the  town  and  that  a  corresponding  amount  of  cheese 
comes  oiit^  we  ccmdnde  that  the  milk  has  been  used  to  make  the  cheeee,  bat  we 
learn  nothing  about  the  method  employed.  Still  less  is  learned  by  such  methods 
with  regard  to  the  more  intellectual  occupations,  such  as  that  of  the  poet  or 
musician.  Hopkins  has  made  use  of  the  simile  of  a  conjuror,  who  puts?  a  loaf 
into  a  hat  and  takes  out  a  rabbit.  What  wc  want  to  know  about  are  the 
intermediate  stages  between  the  loaf  and  the  rabbit. 

Looking  at  Uie  question  from  another  point  of  view  and  taking,  for  example, 
the  oxidation  of  glucose,  it  is  surely  permissible  to  considnr  what  are  the  possible 
chemical  changes  that  might  take  place.  Suppose  then  that  we  find  certain  of  the 
possible  reactions  to  be  brought  alM:)ut  Hv  extracts  of  tissues,  while  othor^.  alsn 
chemically  possible,  aie  not  ;  we  are,  it  seems  to  me,  justified  in  stating  tliat  the 
former  is  the  wa)-  in  wiiich  the  orgauisiu  works,  at  all  events  until  the  contrary 
has  been  actually  proved. 

Again,  as  to  perfusion  experiments :  when  pyruvic  acid  is  added  to  blood 
passing  through  the  liver  and  alanine  is  found  in  the  issuing  blood,  it  cannot  be 
denied  that,  even  in  the  whole  organism,  if  pyruvic  acid  be  present  in  the  px>rtal 
blood,  alanine  will  be  found  in  the  blood  of  the  hepatic  vein.  If  it  be  objected 
that  alanine  might  come  from  the  substance  of  the  cells  themselves,  it  may  be 
pointed  out  that,  when  the  related  a-ketonic  add  of  butyric  acid  is  perfused,  a- 
amino-butyric  acid  is  formed.  It  seems  extremely  improbable  that  the  peimeability 
of  the  cells  should  be  afiected  by  closely  related  ketonic  acids  in  such  a  way  that 
the  corresponding  amino-acid,  and  this  only,  is  washed  out  of  them. 

Since  the  reactions  under  discussion  are  reversible,  take  for  example  that 
between  lactic  acid  and  glucose,  it  is  scarcely  credible  that  lactic  acid  should  wash 
out  or  cause  the  '^plls  to  give  up  glucose,  while  glucose  causes  them  to  loss 
lactic  acid. 

STORAGE 

The  organism  is  capable  of  storing,  in  some  form  or  other,  the  chief  classes  ef 

food-stufis,  although  in  different  degrees. 

Carbohydrates. — These  are  stofed,  mainly  in  the  form  of  glycogen,  in  the  liver 
and  muscular  tissues  for  the  most  part.  Glycogen,  being  an  in-soluble  substance, 
is  kept  out  of  the  risk  of  undesirable  participation  in  chemical  reactions ;  on  the 
other  hand,  while  soluble  carbohydrate  is  required,  the  action  of  the  enzyme, 
amylase,  converts  it  into  maltose  or  glucose.  In  the  plant,  starch  la  the  most 
common  form  of  stored  carbohydrate,  but  saccharose  is  very  frequentfy  met  with. 
Soluble  rarV)()hydrates  do  not  appear  to  be  Stored  in  the  animal,  at  all  events  in 
more  than  very  suiall  amounts. 

Fat  is  stored  in  practically  all  cells  in  larger  or  smaller  quantity,  frequently 
in  the  form  of  lecithin,  or  related  substances.   The  main  store  of  neutral  fat 
in  the  subcutaneous  connective  tissue.   In  the  plant,  neutral  fiits  are  found  in 
some  fruits  and  jpractic&Ily  only  in  fruits. 

Proteins. — Tt  \%  impossible  to  name  any  particular  form  in  which  nitrogen 
is  stored.  Protoplasm  in  general  is  capable  of  increase  and,  in  starvation,  as  we 
have  seen,  the  less  important  tissues  give  up  amiuoHicids  for  the  benetit  of  the 
more  vital  organs,  thanks  to  the  presence  of  antolytic  enzymes.   Whether  tfaers 
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is  any  special  form  particularly  adapted  for  the  purpose  of  storage  is  at  present 
doubtful,  although  certain  oboerven  believe  that  they  have  evidence  of  some  such 
snbetanoe  (see  CMhcaiVa  monogfaph,  1912,  pp.  58  and  79). 

Barg  (1914)t  and  Berg  and  Cahn-Bronner  (1914)  describe  the  presence  of  granules  of 
protein  material  (not  protoplasm)  in  the  liver  cells  of  well-fed  animaU,  particularly  after 
teeding  with  arnino  acids.    These  are  reganled  as  storage  of  nitrogenous  substance. 

Ncx'l  Paton  (1910)  baa  brought  evidence,  depending  on  the  proportion  of 
creatine  to  total  nitrogen  excreted,  to  show  that,  in  fasting,  after  an  abundant 
proteiii  diot^  it  i>  .mauily  non-muacle  protein  that  Is  flret  naed  up.  Ihe  value  of 
the  evidence  dependa,  of  ooune^  on  tbe  constant  percentage  of  creatine  contained 
in  mnBcle. 

Otbw  investigators  hold  that  there  may  bo  a  storage  of  nitrogen  in  some  form  which 
has  a  aiinpler  constitution  than  protein.  In  making  thia  diatinctioa  between  protein  nitrogen, 
and  that  in  simpler  form  (**extnM}tivee"),  it  may  be  noted  ttet  we  assume  that  any  nitron 
btonrd  otherwise  than  as  cell  protr  p^i.-'Mi  does  not  form  an  integnl  ptH  of  a  *'giailt"  proto- 
plasmic molecule,  or  "  biogen,  as  a  purely  cbemioal  system. 

It  was  mentioned  above  that  van  Slyke  and  Mayer  found  that  aniino  acids, 
introduced  into  the  blood,  disappeared  rapidly  therefrom.  In  a  further  paper 
(1913,  1),  they  show  that  theae  subatancea  are  taken  up  by  the  tissues  in  a  form 
such  that  they  can  readily  be  washed  out  again,  even  by  cold  water.  There  is, 
moreover,  a  definite  equiUbrium  established,  so  that  the  blood,  eiven  in  starvation, 
still  ooiBtains  3-8  mg.  per  100  cc.  This  points  to  an  adsorption  proceas,  especially 
since  the  alternativf'  hypothesis  mentioned  by  the  authors,  that  oornpounds  like 
tho8o  flip;  osed  to  V»e  prepared  by  Ffeiiler  and  Modelski  between  ammo-acids  and 
neutral  salts,  ia  iuiprubable,  on  account  of  the  fact  that  there  is  no  evidence  for 
the  exiiteiiee  of  such  eompoonds,  as  I  have  shown  (Ckwnmnnication  to  Biodiem. 
Sodeity,  not  yet  published). 

■  A  word  may  \x'  said  here  with  respect  to  the  experiments  of  Oiafe  and 
SchlMpfer  (1912),  already  referred  to,  in  which,  on  feeding  animals  with  a  diet 
containing  ammonium  salts  as  the  only  source  of  nitrogen,  a  diminution  of  nitrogen 
output  oqeorved.  The  oonduiion  drawn  seems  to  be  tlutt  protein  can  be  synthesised 
from  carbd^drate  and  ammonia.  We  have  seen,  indeed,  that,  from  pyruvic  acid 
and  ammonia,  alanine^  can  be  formed  in  the  organism,  but  evidence  is  wanting 
R''  to  other  necessary'  arnino  acids.  Admitting  the  possibility  of  the  requisite  a- 
ketonic  aci«ii>  being  formed  from  carbohydrate,  the  retention  of  nitrogen  from 
ammonium  salts,  if  utilised  for  synthesis  of  protein,,  should  not  be  observed  if 
'  the  ^t  is  free  from  carbohydrate.  Accordingly,  Taylor  and  Banger  (1913)  made 
the  experiment.  They  found  that»  even  in  these  conditions,  nitrogen  was  retained 
from  ammonia  and  they  are  of  the  opinion  that  the  evidence  poiuti  to  the  reversal 
of  the  process  of  de  arnination  as  the  explanation  of  the  phenomenon.  This  reaction, 
if  an  oxidation,  may  be  presented  thus  : 

(ketonic  acid)  x  (NHg) 
(amino-acid)  x  (oxygen) 

where  K  is  '^^^  equilibrium  constant  and  the  factors  in  brackets  are  the  concentra- 
tions of  the  four  components  of  the  system.  Increase  of  ammonia  leads  to 
diminution  of  ketonic  acid  and  this  again  involves  increase  in  amino-acid,  which 
may  be  utilised  in  the  oi^nism.  Alanine^  for  example^  obtained  in  this  way,  may 
be  used  for  the  same  purpoees  as  that  derived  from  proteins,  so  that  the  latter  are 
spared  from  breaking  up. 

Support  is  given  to  this  view  by  the  later  experiments  of  Grafe  (1913),  in  which  it  is  shewn 
that  retention  of  nitrogen  can  be  obtained  when  urea  is  given  as  food.  It  is  only  necessary 
to  umtne  that  the  reaotion  by  whieh  ammonia  to  converted  into  urea  is  eleo  reversible,  ana 

we  see  that  excess  of  urea  involves  increase  of  animoniri,  and  wo  liavu  the  samt*  phenomenon 
as  when  ammonia  itself  is  given.  The  fiiut  ihmt  when  either  ammonia  or  urea  is  injected 
snbcutaaeooBly,  it  is  entirely  excreted  by  the  kidneys,  without  giving  rise  to  any  reteotian 
of  nitrogen,  suggests  that  the  concf>ntration  in  which  it  arrives  at  the  de-amloating  tiseiMe  is 
too  small  to  r^ult  in  any  perceptible  mass  action. 
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OPTICAL  ACTIVITY 
It  is  well  known  that  compounds  containing  one  or  more  carbon  atoms  each 


A  A 


FlO.  74.     DiAURAM  OF  ASTMinCTBIO  CAEBOK  ATOSI. 


A,  B,  C,  D  represent  four  different  groups,  attached  to  the  four  angles  of  a  tetrahedron,  which 
■tands  tor  a  carbon  atom.  The  two  figure*  are  mirror-image*  of  one  another,  and  cannot  be  niaile 
to  ooiDcide. 

(van't  Ho£E;  1901,  ii.  p.  97.) 

united  to  four  different  atoms  or  groups  rotate  the  plane  of  polarised  light,  on 
account  of  their  asymmetry. 


Fiu.  75.  Photoorapii  or  a  model  or  an  asymmetric  carbon  atom,  togbtbkr  with  rrs 
IMAGE  IN  A  mirror. — The  four  solids  of  ditferent  shape  represent  the  four  different 
chemical  groups.    The  reflected  image  can  be  detected  by  the  double  outline  in  places. 

The  theory  of  the  asynmietric  carbon  atom  is  due  to  Le  Bel  (1874)  and  van't 
Hoff  (1874).    If  we  take  lactic  acid, 

CH, 


H-C— OH 

;ooH 
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we  see  that  the  central  carbon  atom  is  united  to  four  different  groups.  The 
compound  is  accordingly  optically  active. 

Since  a  large  number  of  the  oompounda  of  physiological  interest  are  of  this  nature,  the 
method  by  which  the  changes  of  their  concentrations  are  investigated  by  measurement  of  thoir 
jKiwer  of  rotating  the  plane  of  polarised  light  is  a  very  valuable  one.  The  instrument  used  is 
called     polarinutfr"  and  details  of  its  construction  will  be  found  in  Findlay's  book  (1900). 

Returning  again  to  lactic  acid,  we  find  that,  when  prepared  from  muscle, 
it  rotates  the  plane  of  polarised  light  to  the  right  and  is  hence  called  dextro-  or 
'/-lactic  acid.  On  the  other  hand,  when  cane-sugar  is  fermented  by  certain 
bacteria,  a  lactic  acid  is  obtained  which  rotates  to  the  left  and  is  hence  called 
Ifevo-  or  /-lactic  acid.  It  will  be  obvious  that  a  mixture  of  the  two  in  certain 
propoi*tions  will  rotate  equally  in  b^th 
directions  and  appear  to  be  optically 
inactive  ;  such  a  mixture  is  called  inactive 
or  <//-lactic  acid. 

Now  we  must  remember  that  the 
diagrams  used  on  paper  to  represent 
chemical  structure  are  in  one  plane, 
whereas  the  compounds  themselves  are  in 
space  of  three  dimensions.  In  order,  there- 
fore, to  understand  the  relationship  of  these 
"optical  isomers,"  as  they  are  called,  on 
account  of  the  identity  of  their  chemical 
composition,  we  must  endeavour  to  repre- 
sent them  in  space,  remembering  that  we 
can  only  use  conventional  diagrams.  The 
simplest  way  is  to  place  the  four  groups 
at  the  points  of  a  tetrahedron,  represented 
in  perspective,  for  the  case  of  lactic  acid, 
in  Fig.  74.  It  will  be  found  impossible 
to  turn  these  figures  in  any  position  so 
as  to  make  them  coincide,  in  fact  one  is 
the  image  of  the  other  seen  in  a  mirror. 
The  photograph  on  p.  180  of  Wade's  book 
(1905)  and  Fig.  75  (page  282)  represent 
this  fact. 

Since,  however,  it  is  awkward  to  use 
these  perspective  figures,  it  is  customary  to  represent  them  by  their  projections  on 
a  jplane  surface,  thus  : — 

'  '  CH,  CH, 

I  I 
.  OH-C— H  H-C— OH 

ioOH  COOH 

l)eariDg  always  in  mind  that  such  formulae  are  not  to  be  supposed  to  be  removed 
oat  of  the  plane  of  the  paper,  so  that,  although  one  can  be  slid  over  the  other 
it  roust  not  be  taken  up  and  placed  face  downwards.    This  is,  of  course,  merely 
•  convenient  arrangement,  in  order  to  avoid  the  inconvenience  of  using  solid  figures. 

The  real  existence  of  asymmetry  of  such  a  kind  that  one  of  the  isomers  is 
the  mirror-image  of  the  other  may,  perhaps,  be  made  clearer  by  Fig.  76,  which 
represents  crystals  of  the  d-  and  I-  forms  of  ammonium  hydrogen  malate.  These 
would  be  said  to  have  the  same  shape,  but  they  cannot  be  made  to  coincide, 
and  are,  in  fact,  mirror-images  of  one  another.  They  are  sometimes  called 
"  enantiomorphic  "  forms  of  hemihedral  crystals. 

Optical  isomers  are  also  called  "optical  antipodes,"  but  a  mild  protest  must  be  made 
against  the  use  of  "  antipode "  in  the  singular,  as  if  "antipodes"  were  the  plural  of  an 
English  word. 

When  there  are  two  asymmetric  carbon  atoms,  as  in  tartaric  acid,  we  have 
the  possibility  of  a  further  complication ;  thus,  to  begin  with : — 


Fio.  76.    Cbtstals  or  the  two  optical 

XSOMEBS    or    AMMONIDM  HTDROOBM 

MALATK. — Although  the  geometrical 
form  is  the  same,  they  cannot  be 
made  to  coincide,  and  are,  in  fact, 
mirror- images  of  one  another. 

(van't  Hoff,  1901,  ii.  p.  98.) 
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/-t^i  Uiric  acid. 


A  mixturu  of  these  is  found  in  grapes  and  is  sometimes  call^  raceiuic  aci<i. 
But  there  is  another  poesibilitj  Si  im  Inactive  add,  in  whidi  the  aaymmetiy, 
represented  in  the  above  figures,  mutually  compensates  itself  in  one  single 
molecule  >— 

COOU 


I 


H-C-OH 

m 


COOH 

this  is  Icuown  as  meso-tartaric,  or  internally  compensated  tartaric  acid. 

In  the  repreeentation  of  the  formulai  of  the  t-artaric  acids,  it  is  to  be  understood  that  the 
two  a«ym metrical  carbon  atoms  are  suppoeed  Ui  be  looked  at  from  opposite  ends ;  they  wiU 
thsD  app«v  alike  aad  rotate  in  the  sane  direotioD. 

There  is  another  class  of  optical  isomers  which  must  not  be  confused  with 
those  whidi  are  real  mirrofi-imageB  of  one  another.  For  example^  in  the  «-  and 
)8-gluoQsidee  of  c^glncoae  it  is  only  the  aldehyde  ends  that  are  mirror>images  of 
one  another;  the  other  parts  of  the  molecules  are  identical;   Hm  properti^  of 

isomers  of  this  kind  are  therefore  different,  and  they  can  be  separated  by 
solwbility,  etc.  The  rotatory  power  of  the  one  is  also  not  equal  and  opposite 
to  tiiat  of  the  other.  The  real  mirror-image  of  a-methyi-<i-gluco8ide  is  a-methyl- 
I^lnooeide.  Theee  have  the  same  numerical  values  of  optical  rotation,  hot 
in  opposite  directions,  they  have  the  same  melting  point,  the  same  solubility 
and  the  same  external  form  of  crystals,  as  shown  by  Fischer  (1909,  pp.  741-742). 
The  following  formuln  will  make  the  relationship  clear: — 
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It  is  a  remarkable  ftict  that  the  struf^tnres  of  living  orcrftnisras  are  composed 
only  of  the  one  series  of  optical  isomers,  when  there  is  tlie  possibility  of  both. 
The  anuno-acids  are  all  of  the  /-aerieSi  the  starches  and  sugars  ot  the  <f-series,  and 

10  on.  Not  only  so,  but  in  the  use  of  foocl'8tii£EB  even  for  energy  purposes,  there 
18  e  decided  preferenoe  for  the  aame  aeries. 

Much  has  been  made  of  this  fact  in  connect  ion  with  that  of  the  inability 
of  pure  chemical  methods  alon*^  to  produce  anything  but  optically  inactive 
mixtures  of  the  two  optical  isomers.  It  is  true  that  all  the  ordinary  means 
used,  for  o(mvenience,  to  separate  the  two  components  involve  the  use  of 
vital  agency  at  some  atage  or  other,  but  there  are  several  considerations  which 
seem  to  me  to  indicate  that  it  is  possible  to  too  nmcb  stress  on  the  atgumentb 
We  will  mention  them  hi  ir  th-  :  — 

1.  When  an  optically  active  substance  is  syuthesised  under  the  agency  of 
au  optically  inactive  catalyst,  such  as  hydrochloric  acid,  a  mixture  of  both 
isomers  is  fonned.  On  the  oite  hand,  if  the  catalyst  is  an  optically  active 
CM,  only  the  one  isomer  is  fonned ;  or,  at  all  events,  it  is  in  great  preponderance. 

For  mounple,  from  glnoom  and  methyl  aloohol,  by  the  aotioQ  of  hydrooUorio  add,  the  two 
optiaUy  isornerio:  o-  and  5  nn  tlu  l  glucnsirlr-  -  are  produced.    When  the  enzyme,  emulsin,  is 
tued,  Im  ^-glacoaide  is  formtxi,  and  uy  another  enzyme,  maltasei  the  a-glucoude.   The  reader 
it  rMommeoded  to  oomnlt  the  paper  by  Fajans  (1910)  witii  respeet  to  the  question  of  . 
a-MTDmetrical  catalysis,  both  by  enzymes  and  other  optically  active  mi'i  t an         of  course, 

11  iQ«y  be  said  that  all  optioalW  active  catalysts  were  originally  produced  by  vital  agency, 
bet  toe  point  here  fo  tiiat  a  enemfoal  nibstaiKNi,  noM  actually  living,  is  able  to  form  new 
op*iraIlr  active  material,  pr  nvirl.vi  that  it  is  itself  optically  active. 

in  oonnection  with  the  production  of  other  asymmetrical  compounds  by  the  aid  of  those 
already  ezistoat,  the  work  of  Erienmeyer  (1014)  is  of  importaooe.  By  the  aotkm  of  li>tsttario 
»  i  l  on  benzaldehyde  in  alcoholic  sohition,  a  b^vo  benzaldehyde  was  obtaiiMd.  Other  papers 
by  th@  sanio  w  orker  may  be  found  in  Biochcmuche  Zeitschn/t  {B&nd  64). 

2.  AlthouL^'h  organisms  show  a  preference  for  one  isomer,  they  are  not  incapable 
of  using  the  other  one.  In  the  classical  exjx'riineut  of  Pastenr  (1858)  of 
separating  the  two  tartaric  acids  by  the  action  of  moulds,  the  c^cid  i6  used  up 
first,  so  that  the  l-add  can  he  separated  from  the  culture  after  the  d^d  is  used 
up.  But,  if  the  experiment  be  allowed  to  continue,  it  was  found  that  the  rotation 
l)egan  again  to  diminish,  owing  to  the  consumption  of  tiie  i-add.  This  fact  is 
sometimes  forgotten.  Sinular  cases  have  been  described  in  the  utilisation  of 
amino-acids  by  fungi. 

These  and  other  oases  will  be  found  given  in  mjr  monograph  on  "  Enzyme  Action  "  (1919,  1, 
p.  137).  It  may  be  mentioned  here  that  this  capacity  of  utilising  both  isomers  is  not  confined 
to  fungi.  Parna.s  (1911)  has  shown  that  the  rabbit  can  utilise  ^laoyo  acid  whan  theiDAOtive 
mixtore  is  given,  although,  given  alone,  this  acid  itself  is  toxic  and  is  ezoreted. 

3.  Tn  such  oases,  the  question  arises  as  to  how  far  the  use  of  what  we  may 

call  the  "foreign"  isomer  is  merely  for  onergy  purposes,  or  whether  new  tissue 
is  formed  from  it.  If  the  latter,  it  must  obviously  bo  convei*ted  into  the 
opposite  isomer  in  some  way.  This  is  not  an  impossible  occurrence.  If  /-leucine 
lie  heated  with  baryta  water  at  18Cy*,  it  is  converted  into  dMeucine,  or  racemised. 
That  ia,  half  ol  it  is  changed  from  the  I-  to  the  d-  form.  As  we  shall  see  in 
the  next  chapter,  there  are  present  in  organisms,  in  the  form  of  enzymes, 
more  acti^.*'  citJilvtiV  agents  than  alkalies  or  acirls. 

4.  ^^  iien  we  produce  artificially,  in  the  laboratory,  an  inactive  mixtuiv, 
it  U  not  that  the  chemical  reaction  is  unable  to  produce  the  substance  that 
the  *' vital"  reaction  does,  hut  that  the  former  produces  the  opposite  isomer  in 
sddition. 

5.  There  is  considerable  evidence  to  show  that,  when  an  enzyme  appears  to 
4*^1  wit  h  one  optical  isomer  alone,  it  is  not  a))sohitoly  inactive  with  respect  to 
Uit;  oppctsit^e  one;  there  are  many  ditVerences  of  tlegiee  ifi  this  respect  (see  the 
paper  by  Fajans,  1910,  and  the  monograph  by  royselif,  1919,  1,  p.  137). 

6.  It  ia  ipite  oonoeiTable  that  optically  active  products  might  be  obtained 
hf  allowing  a  reaction  to  proceed  under  the  influence  of  some  asymmetrical 
external  force,  say,  for  example,  a  photo  chemical  reaction  under  polarised  light ; 
titboogh  attempts  to  do  so  have  not  yet  mot  with  success. 
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It  is  not  easy  to  see  what  is  the  advantage  to  the  organism  of  this  undoubted 
preference  for  particular  optical  isomers.  We  have  to  remember  that  the 
existenoe  of  asymmetric  carbon  atoms  is  geometricaUj  unavoidable.  The  enzymes 
-which  act  on  such  oMnpounds  will  probably  also  be  themselves  optically  active, 
and  the  rate  of  action  on  one  kind  of  optical  isomer  will  no  doubt  be  greater  than 
that  on  the  opposite  one  A  certain  economy  in  the  number  of  enzymes  necesfiarr 
is  effected  by  limiting  them  to  those  required  for  one  set  of  optical  isomers,  but 
it  is  scarcely  to  be  supposed  that  this  can  be  of  much  consequence,  and  it  would 
aeem  indeed  that  more  is  lost  than  gained  in  the  process.  The  vei>laoeoiient  of 
an  enzyme  acting  on  one  isomer  by  that  acting  on  the  opposite  one,  moreover, 
does  not  appear  to  be  of  much  difficulty.  Currie  (1911)  found  that,  of  various 
pure  cultures  of  Bacilltts  bulgaricus  (the  vigorous  Bulgarian  iHotic  acid  organism), 
obtained  from  different  sources,  some  formed  t/  lactic  acid  alone,  others  a  mixture 
of  d-  and  I-  forms,  and  one  culture  produced  /-lactic  acid  alone. 

We  most  sappoee  that  the  external  forces,  under  which  the  asymmetric  carbon 
compounds  forming  the  basis  of  living  protoplasm  were  produced,  were  in  some 
way  or  other  themselves  asymmetric.  At  that  geological  period,  the  synthesis 
niav  have  received  a  bias  in  one  direction,  which  has  naturally  been  adhered  Vx 
as  more  and  more  elaborate  compounds  were  evolved.  On  this  view,  the  preference 
of  one  isomer  over  the  other  is,  as  it  were,  a  matter  of  chance  as  to  which  happened 
to  be  first  produced     the  partienlar  direction  of  the  asymmetrical  forca 

Beomt  work  hy  Emil  Erlenmeyer  (1913),  however,  suggests  a  possible  way  of 
separating  the  constitoents  of  a  raoemio  mixtore  without  the  aid  of  optioUly 
active  substances. 

Since  the  properties  of  isomers  depend  only  on  the  relative  position  and 
distance  from  one  another  of  atomic  groups  in  the  molecule,  it  is  dear  that 
molecules,  which  are  mirror-images  of  one  another,  must  be  identical  in  all  those 
propertiee  which  depend  on  molecular  dimensions  and  attractions.  So  that  their 
unlikeness  can  only  be  expressed  in  the  shape  of  their  crystals,  their  behaWour 
p<3larised  light,  or  to  other  asymmetrical  forces  or  substances,  such  as  tlioso  in  liviii*.' 
organisms,  iius  fact  was  pointed  out  by  ir'ast/cur  and  by  vau't  Hofl  (1901,  2tes 
Heft)  p.  98).  On  the  other  hand,  isomers  will  have  diflbrent  chemical  and 
physical  properties  when  their  atomic  structure  is  neither  the  same  as,  nor  the 
mirror-image  of,  each  other. 

Thus,  when  a  compound  of  a  d  acid  M-ith  a  cUhmb  is  compared  with  thai  of  the  same  acid 
with  an  /  Ka-^f,  the  two  salts  are  neither  of  the  ««amc  structure  nor  mirror-images,  so  that  they 
are  ohemically  and  physically  separable.  Th\»  is,  of  course,  the  usual  means  adopted  for 
the  purpose  ;  the  racemio  mixture  is  caused  to  torm  Kalts  with  an  optically  active  base  or  add 
and  it  is  found  that  the  salt  of  one  isomer  has  ditferent  solubilities  from  that  of  rh<^  other,  so 
that  th>  V  can  be  separated  by  fractional  crystaUisation.  The  Lactic  acids,  for  example^  can  be 
isolated  by  combination  with  the  optically  aotivc  base,  bruoine.  Similarly  the  tiro  iaooienc 
forms  of  glucosides,  ss  pointed  oat  above,  are  not  mirror-images  and  can  be  separated  by 
orystaUisatioo,  etc. 

But,  if  these  considerations  were  invariably  and  unconditionally  true,  it  woold 

be  for  ever  impossible  to  separate  the  components  of  a  racemic  mixture  without 

the  aid  of  another  optically  active  compound.  Further,  unless  ^experiments  of 
producing  asymmetric  compounds  by  the  action  of  asyminetri*-  cxtLTiial  forre^, 
such  as  polarised  light,  arc  rewttrded  with  more  success  Liiau  iiitherto,  we  are 
apparently  compelled  to  assume  the  intervention  of  unknown,  supernatural  forces 

in  the  origin  of  life. 

.  Now  Eniil  Erlenmeyer  (1913,  p.  442)  points  out  that  van't  Hoft'  himself  shows 
the  p<'ssibility  of  the  occurrence  of  a  form  of  isomerism  of  a  diliereut  kind,  which 
may  im  called  relative.  Thus,  when  two  carbon  atoms  are  united  together,  there 
are  six  free  affinities  and  when  these  are  satisfied  by  six  different  univalent  groups, 
twelve  different  arrangemente  are  possible.  But  eight  of  these  are  derived  from 
the  other  lour  by  mere  rotation,  without  change  of  combination.  The  four 
diflerent  ones  are  shown  dia<rramTnatically  in  the  scheme  Ix^low,  where  the  t^"^ 
carbon  atoms  are  irprcspnted  by  discs,  supposed  to  be  white  on  one  side,  blacken 
tlie  other,  and  the  letters.  A,  B,  C,  D,  E,  F,  are  sLx  ditlerent  chemical  groups. 
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It  will  be  aeen  that  one  or  the  other  carboD  atom  is  supposed  to  be  turned  by  180* 
aroand  the  loogitttdtnal  axis.  See  farther  deecription  by  vaa't  Hoflf  (1901.  3tes 
Heft^p.  110). 

How  far  al!  thr'=e  isnmpr.---  nre  r.Tpable  of  rxiatence  in  a  given  c^isc  is  a  matter  for  experiment, 
but  the  optical  rotations  of  the  four  different  substances  may  be  uuderstood  better  il  we  call 
the  efliMt  el  the  one  carbon  atom.  A,  and  that  of  theother,  B.  Then  we  have  the  foiirf<rfIowliig 
reenlts 

+  A  +B,  -  A  +B,  r-A  -B,  -  A  -B. 

Out  of  these  relative  isomers,  it  is  to  be  preBumed  that  one  will  be  the  most  stable  and  that 
the  different  relative  poHtions  of  the  various  groups  will  entail  different  properties.    We  may 
take  lactic  acid  and  brucine  as  A  and  B,  for  the  sake  of  illustration,  so  that  there  are  :— 
d-brucine  (f-lactate,  d-brucine  Maotate,  /-brucine    lactate,  and  /-brucine  /  kctuie. 

These  facts  4^  of  importance  in  connection  with  the  variety  of  processes  in 
the  living  organism.  It  appears  that  there  ia  evidence  of  the  existence  of  malio 
aetds  in  greater  number  than  usually  supposed.  Erlenmeyer  shows  farther 
(p.  447)  that,  if  the  d-  and  Ir  forms  of  a  substance  are  not  absolutely  fixed 
"  point  systems,"  but  convertible  by  external  forces  into  relative  isomers  by  rotation 
around  an  axis  of  combinHtion,  then  a  force  acting  in  the  same  direction  on  the 
two  mirror-images  will  have  a  difl'erent  effect  on  them,  60  tiiat  they  may  be 
converted  into  modifications  which  are  no  longer  mere  miinnvimages  of  one 
another,  and  can  therefore  be  s^wrated  by  means  whidi  do  not  involve  the  use 
of  optically  active  reagents. 

The  experimental  evidence  is  as  follows : — If  a  solution  of  d-Z-asparagine  (inactive)  l>e 
boiled  for  twenty  minutes,  /-asparagine  separates  out  first  on  codling.  If  a-  and  /-asnariiginti 
are  dissolved  cold  in  the  same  solution,  no  sepamtion  is  possible,  eince  their  solubiutiea  ate 
identical.  One  of  the  two  is  altered  b}'  heatin;:^,  -tnor  the  relative  soluliility  i  ^  ^  lianeH.  By 
further  fractionation,  Erlenmeyer  succeeded  in  j}rejiurn)g  fipecirnens  of  d-  and  t.-aa|>iimguie  in 
nearly  |>ure  condition.  It  appesis  to  be  impossible  to  predict  whether  d  or  /-asparagine  will 
be  obtained  in  any  particular  experiment.  Further  detAilB  and  also  the  formation  of  two 
different  copper  salts  will  be  found  described  in  the  original  paper.  The  ti&me  pheuouieua 
were  foond  to  eaitt  in  the  case  of  the  tartiatss. 


Should  these  results  be  confirmed,  it  is  clear  tiiat  we  have  a  posmbility  of  the 

production  in  the  plant  of  optically  active  substanoes  from  raoemic  mixtures.  One 
of  t>ie  "relative  iRomors "  wotjlH  f  r  obably  be  more  easily  oxidised  for  energy 
parpoi*e8,  leaving  in  excess  tiie  other  inirror-image,  which  had  not  been  changed. 
Having  once  obtained  asymmetrical  compounds,  further  production  is  comparatively 
simple,  as  we  have  aeen.  The  method  is,  however,  not  a  general  one.  Sut  aspara* 
gine  itself  is  of  sa^  importance  in  plants  (Horaoe  Brown,  1906)  and  tartaric  acid 
so  common  as  to  suggest  that  optical  activity  arose  in  the  way  described. 

The  N^omenclature  of  Optical  homers  i.«5  apt  to  lead  to  confusion.  The  actual 
sign  of  rotation  in  related  compounds  is  not  necessarily  the  same.  Glucose  and 
fraotose  belong  to  the  same  aeries,  which  Fischer  calls  the  <feeries,  although  fructose 
is  Usvo-rotatoi^.  Onslow  has  su^ested  to  me  that  we  might  use  capital  letters  to 
express  the  .series,  and  limit  the  use  of  the  italics  to  express  tlie  sign  of  actual  rota- 
tion. Thus  we  should  say  L>-glucose,  D-fructose,  and  D-alaniiie  are  the  related  " 
physiologically  important  members  of  the  same  series,  although  the  particular  glucose 
is  dextro*  and  the  two  others  axe  lnvo>rotatory,  so  that  they  are  also  to  be  called  d- 
glneoee,  ^frnetose^  and  ^alanine.  It  appears  tliat  this  piaetice  might  weU  be  adopted. 

GROWTH  IK  VnilO 

The  experiments  of  Ross  Harrison  and  of  Carrel  have  been  referred  to 
previously  (page  23).  A  few  remarks  with  regard  to  the  chemistry  of  the  process 
are  ttf  inteieBt  in  the  present  connection.  It  is  plain  that  in  these  experiments, 
granting  that  new  tissue  was  actually  formed,  which  appears  to  be  satisfact(»ily 
shown  by  the  presence  of  dividing  nudei,  the  proteins  of  the  blood  plasma,  used  as 


Digitized  by  Google 


288 


PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


the  culture  mediuiu,  must  have  been  utilised  fur  the  purpose.  In  the  adult 
animal  the  seram  proteins  are  not  used  ae  food-6tu£b.    We  have  seen  that 

injection  of  such  proteins  does  not  increase  the  nitrogen  oal^nt,  although  that  of 

amino-acids  does  (Quagliariello,  1912).  On  the  other  hand,  tissiie  protein  can  be 
used  in  starvation,  so  that  we  must  admit  the  presence  of  enzymes  in  the  cells  abl^^ 
tohydr<»ly.s<?  the  proteins.  It  may  well  be  that,  in  the  growth  exp<^i mients  referred 
to,  tlieije  enzymes  are  called  upon  to  hydrolyse  the  proteins  u£  the  plasma  culture 
medium  before  they  are  made  use  of  by  the  growing  tinae. 

The  presence  of  antolytio  etnymee  in  tianiee  can  r^ily  be  shown  by  the  use  of 

Ab<leihal(len'>  "silk  p>eptone,"  a  polypeptide  contnining  a  large  percrntnj:^'^  t^f  tyrrisirn:'.  If  a 
small  piece  uf  tissue,  K^xy  kidney,  be  immersed  iu  a  solution  of  this  substance  and  kept  at 
40*  the  tissue  will  be  covered  in  a  few  hours  with  crystals  of  tjrrosine,  from  hydrolysii  ca  the 
polypeptide  (Abderhalden  UDd  Steinbeck,  1910). 

A  question  cognate  to  this  is  the  growth  of  tissue  transplanted  from  one 
part  to  another,  invcstiijfitof]  rhiefly  by  Carrel  (1910,  1912),  Guthrie,  and  their 
co-workers.  Tliis  has  1)i'(m  eiiected  with  blood  vessels  which  were  removed  from 
the  body  of  the  same  aiiimal  some  time  pi^viously.  But  it  has  been  fouuii 
extremely  difficult  to  transplant  the  tissues  of  one  animal  into  another  animal, 
even  of  the  same  species.  The  transplanted  tissue  usually  disftppears  sooner  or 
later,  although,  if  previously  killed  by  formaldehyde,  it  seems  capable  of  serving 
as  a  support  for  growth  of  new  tissue  on  the  part  of  the  host. 

This  fact  argues  an  extraordinary  complexity  of  some  kind  or  other  on 
the  part  of  lite  tissue  protoplasm.  The  thyroid  of  one  animal,  for  example, 
is  dutinguished  by  another  animal  of  the  same  species  from  its  own  thyroid. 
STarshall  and  Jolly  (1907),  however,  report  success  in  two  cases  of  transplantation 
of  ovaries  from  one  rat  to  another,  apparently  remaining  functional.  Guthrie 
(1908)  also  obtained  fertile  eggs  from  fowls  whose  ovaries  had  been  replaced  by 
those  of  other  fowls.  Carrel  and  Guthrie  (1906)  report  a  case  iu  which  they 
transplanted  the  kidneys  of  a  dog  into  a  bitch  by  vascular  anastomosis  and  then 
removed  the  kidneys  of  the  bitch.  The  transplanted  kidneys  continued  to  secrete 
normally  for  at  least  eight  days,  that  is,  up  to  the  time  at  which  the  paper  was 
written.  The  urine  contained  DO  abnoimal  constituent  widi  the  exception  of 
a  trace  of  protein. 

Further  facts  bearing  on  the  question  will  be  found  in  Chapter  XXIV. 

INFLUENCE  Or  THE  NERVOUS  SYSTEM  ON  NUTRITION 

At  an  early  period  iu  the  history  of  physiology  it  was  sup|>used  that  the 
only  kind  of  efferent  nerves  were  those  causing  contraction  of  muscles.  Since 
the  existence  of  nerves  causing  stoppage  of  the  heart  had  been  proved  by  the 
Webers.  and  that  of  nerves  producing  activity  of  the  cells  of  si^reting  i^ands 
by  Ludwig,  it  was  thought  that  there  were  nerve  fibres  presiding  over  growth 
and  repair.  After  sec'tion  of  certain  nerves,  whicli,  in  point  of  fact,  alwavf 
contained  sensory  fibres,  it  was  found  that  the  skin,  or  other  sensory  surface 
supplied  by  them,  became  inflamed  and  that  wouiula  on  rach  denervated  surfaces 
did  not  heal  properly.  Careful  protection  of  these  areas  showed  that  there 
was  no  real  difference  between  them  and  normal  areas.  The  absence  of  urarning 
on  the  part  of  the  sensory  nerves  allowed  the  infliction  of  injuries,  which 
would  otlierwise  have  been  avoided. 

Clara  Jocobson  (1910)  made  careful  experiments  on  pigeons  and  on  dpa  and  found  that 
there  wu  no  diftrenoe  whatever  between  the  rate  of  nealing  of  wooods  m  nonnal  and  in 

denervated  areas. 

It  is  well  known  that  orgaus  crrow  in  proportion  to  their  use,  bat  tius  is  adequatelj 
aeoouDted  for  by  the  increased  blood  supply  always  aasociated  with  the  activity  of  any  tianie. 
The  manner  in  which  this  ia  ensured  wul  m  dieeuased  in  Chapter  XXIIL 

After  injury  to  certain  parts  of  the  central  nervous  system,  in  fever  and 

after  the  administration  of  certain  chemical   substances,  there  is   a  rise  of 

hc'dx  temperatni'o.  Although  thi'=«  effect  may  l)e  partly  acconnte<i  for  by 
diiiiinished  losis  ot"  heat,  uvsing  to  constriction  of  the  blood  vesiiiel^  of  the  skin, 
theiu  appears  to  bo  evidence  that,  in  some  cases  at  all  events,  there  is  also 


Digitized  by  Google 


NUTRITION 


289 


au  increased  produc- 
tion of  heat.  But  it  is 
not  necessary  to  pos- 
tulate special  nerves 
presiding  over  this  pro- 
cess, since  the  heat 
prttduced  in  muscular 
contraction  is  in  itself 
sutiicient  to  account  for 
the  fact.  The  reader 
may  be  reminded  of  the 
shivering  in  fever  and 
in  the  waking  up  of 
animals  from  hiberna- 
tion, in  M'hich  latter 
process  the  heat  pro- 
duced by  muscular 
activity  serves  to  bring 
up  the  temperature  of 
the  animal  to  its  nor- 
mal height.  Accord- 
ing to  Pembrey  (1903) 
a  dormouse  raises  its 
temperature  by  19'  in 
forty-two  minutes. 

Cathcartand  Leathes 
( 19(17 1  found  the  amount 
of  uric  acid  excreted  to 
be  different  according 
to  the  manner  in  which 
the  muscular  contrac- 
tion wa«  produced.  If 
shivering  was  V»rought 
on  Sy  exposure  to  cold, 
a  marked  rise  in  urio 
arid  output  re8ulte<l  ; 
whtreap,  if  vigorous 
voluntary  contraction 
wa*  produced,  there  waa 
a  marked  fall  in  the 
output.  Although  these 
experiments  do  not  B 
prove  the  existence  of 
nerve*  directly  affecting 
chemical  changes,  they 
sugcest  that  different 
kinuBof  innervation  pro- 
duce different  chemical 
reactions  in  the  cells 
»ffecte<l. 

When  cells  are 
known  to  l)e  sup- 
plied with  nerve 
fibres,  it  would  be 
rash  to  deny  the 
pos.sibility  of  the  cell 
l)rocesses  being  influ- 
enced by  impulses 
passing  from  the 
fil>rfts  to  the  cells. 
All  that  we  are 
justified  in  saying  is 
tliat  there  is,  as  yet, 

lO 


Flu.  77.    Photocraphs  or  histoixk-.tcal  chanoes  in  thk 

PO-sTERIOR  ROOT  (JAN(JLlON  IN  A  CASE  OF  UbRPl^  ZOSTER  OF 
THE  LEFT  SIDE  OF  THE  NECK. 

A,  Normal  thirtl  cervical  ganglion  of  the  rxqht  side. 

B,  One  of  the  inflammatory  foci  in  the  third  cervical  gang^Iion  of  the  Itjt  side. 
Both  t.'antrlia  were  cut  in  the  same  block,  fixed  on  the  name  slide,  and  stained 

tofretlier  hy  Niisl's  nielho<l. 
Mote  the  multitude  of  email  dark  cells  in  B,  and  the  cflrectn  on  the  (ran);lion 
cells. 

(Head  and  Campbell,  1 900,  PI.  4.) 
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wo  f^atisfactory  evxdenee  that  the.sutritioD  of  the  tissues  is  directly  aflected 

thereby. 

On  the  other  hand,  the  work  of  Head  and  Campbell  (lUOO)on  Herp^^  Zoster 
requires  consideration.  This  disease  results  in  the  formation  of  blisters  on  the 
skin  in  the  area  of  distribution  of  particular  nerves.  It  was  shown  by  the 
investigators  named  that  these  changes  in  the  skin  are  caused  by  irritative 
chanirp'^  in  the  dorsal  root  ganglia  (see  Fig.  77  v  Owing  to  these  changes, 
abiiontuil  impulses  are  .sent  in  an  efferent  direction  along  the  sfn'^ory  fibres 
to  the  skin.  Although  I  have  been  able  to  show  (1901,  2)  that  dilatation  of 
blood  vessels  in  the  skin  is  produced  by  excitation  of  the  eenaory  fibres  of 
dorsal  roots,  it  seems  difficult  to  believe  that  mere  vascular  dilatation  should 
cau^e  the  actual  formation  of  blisters.  At  the  same  tunOf  the  possibility  hss 
not  been  disproved. 

MATHEMATICAL  LAWS  OF  GROWTH  AND  OF  METABOLISM 

It  iiii^^ht  be  «upp>se<l  that  .such  complex  processes  as  those  discussed  in  the 
pr^nt  chapter  would  be  imposiiible  of  attack  on  mathematical  lines. 

Slator  (1913)  has  shown  that  the  growth  of  yeast  can  be  expressed  by  a 
loMirithmio  formula^  If  a  culture  medium  be  inoculated  with  N  cells  of  yeast  per 
cm>ic  centimetre,  the  rate  of  growth  at  a  given  moment  of  time  Is  proportional  to 
the  number  of  eells  present  :it  that  time,  that  is  N  +  n,  where  n  is  the  increase  in 
number  during  the  uiae  which  has  elapsed  since  the  inoculation.  This  is 
clearly  a  ca^e  of  the  "compound  interest  "  law,  which  wa^^  explaineil  on  page  36 
above,  and  the  simplest  assumption  that  can  be  made  is  that  the  increase  in 
number  ia  in  direct  linear  proportion  to  N      that  is > 

f  =  K(N  +  „), 

where  K  is  some  numerical  constant.   On  integration,  this  equation  becomea 

Tt  nii'_^}it  Ixi  supposed,  not  unnaturally,  that  this  simplest  formula  would  be 
found  to  be  insufficient,  but  Slator  has  shown  by  four  different  methods  that  it 
does  actually  express  the  results  until  nearly  the  end  of  tlie  period  of  growth,  when 
food -supply  is  restricted  and  metabolic  products  inhibit  growth. 

The  four  methods  used  were : — (1)  counting  the  cells  directly.  (2)  the  rate  of  fonneatatioo 
by  measurement  of  the  rate  of  formation  of  carbon  dioxide,  (3)  the  gr(»wth  constunt,  K,  is 
e.itimatcd  by  counting  the  nunilier  of  cells  and  the  rate  of  fermentation  while  thy  time  i."> 
eliminated,  and  (4)  b\'  comparing  the  time  taken  for  two  cultures,  inoculated  in  a  known  ratio, 
to  arrive  at  some  defiuite  stage.  In  malt  extract,  with  a  smaU  amount  of  hops,  it  waa  found 
that  the  time  taken  to  double  the  number  of  cells  was  2*9  hoats  (see  alao  the  work  of  Horace 
Brawn,  1014>.   The  growth  of  baoteria  is  treated  by  SUtor  ( 1916  and  1917). 

Even  in  the  metabolic  processes  of  the  higher  animals,  we  have  already  seen 

reason  to  reeanl  the  operation  of  tin-  law  of  mass  action  as  being  uninteVfeitMl 
with,  move  especially  where  we  know  the  reaction  to  be  reversible.  An  interest 
ing  instance  of  rate  uf  reaction  being  proportional  to  the  concentration  of  the 
suhetances  reacting  is  to  be  found  in  a  paper  by  Hoesslin  and  Lesser  (1911,  p 
356).  If  a  fasting  dog  is  fe<l  with  meat,  the  nitrogen  excretion  is  14  to  Id  per 
cent  gi-eater  if  it  is  gi  von  all  at  once,  than  if  the  same  total  amount  is  given  in 
six  separate  do'^ps,  at  intervals  of  tbree  to  four  hours. 

Osbuiue  ami  Me;jdel  (1915)  show  that  ruts,  oil  inadequate  diet,  mav  remain, 
for  a  time  much  longer  than  their  period  of  growth,  at  a  small  size.  Wfien  given 
at  am'  time  a  complete  diet,  they  grow  to  their  normal  tite,  but  not  beyond. 

The  Mendcdian  Laws  of  Heredity  will  be  referred  to  presently. 

PHYSIOLOGICAL  PROCESSES  OF  THK  LOWER  ORCJANTSMS 

The  fundamental  processes  of  life  in  all  organisms  are,  no  doubt,  similar. 
that  it  appears  to  be  held  by  certain  investigators  that»  on  account  of  the 
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comparative  simplicity  of  structure  of  tb^  "lower"  organisms,  we  are  nioro  likely 
to  be  able  to  discover  what  is  the  e-jsentiai  nature  of  these  proc^ses,  if  we  devote 
our  attention  to  tiie  apparently  simpler  creatures. 

Without  denying  the  great  valae  of  the  comparative  metiiod  in  eliminating 
merely  incidental  phenomeDa,  it  must  W  pointed  oat  that  this  very  simplicity  is, 
in  the  majority  of  cases,  n  'li^a  h  antage.  The  same  organ,  or  even  cell,  fulfils  a 
variety  of  purposes,  which  in  the  higher  organisms  are  relegated  to  distinct  groups 
of  cellii.  Moreover,  the  size  of  the  organism  is  of  much  importance,  as  will  iiave 
been  anffieiently  obviona  in  the  pposont  chapter.  The  acienoe  of  nvtrition  would 
be  almost  impossible  without  the  larger,  warm  blooded  animals.  Ti»  advantMe 
of  the  increased  rate  of  reaction^  owing  to  the  higher  temperature,  is  not  to  be 
undervalued. 

The  physiology  of  unicellular  organisms,  although  of  considerable  importance 
in  speciat  aspects,  is  not  to  be  re^uded  as  a  "  general  physiology."  Indeed*  if 
the  choice  nad  to  be  made  between  the  investigation  of  simple  or  complex 
organisms  alone,  there  is  no  doubt  that  a  much  more  general  and  fundamental 
body  of  doctrine  would  be  obtained  from  the  latter. 

The  following  remarks  of  Claude  Bernard  (1866,  p.  100)  may  be  read  with  interest :  "  II  ne 
fAudrait  pas  oroire,  en  effet,  que  I'animal  inf^rieur  est  plus  simple  ou  que  ses  fonctions  sent 
moins  compliqu^  ou  moins  nombreuses ;  et  qu'on  pourrait  les  prendre  pour  ainsi  dire  k  leur 
naiflMHce,  pour  suivre  eusuite  leur  d^vdoppemeat  dans  les  aniinauz  suD^rieurs,  qui  auraieot 
Mnsi  des  propri^t^  noavelles  m  torajoutant  wax  premieres.  L'animal  famrieur  pomMIe  tontes 
It--*  propriet<^H  esseatielles  qu'on  retrouve  aux  degree  les  plus  ^lev^s  de  I'^chelle  des  etrrs  ;  nmis 
U  MS  posa^de  a  I'^tat  confus,  et  poor  ainsi  dire  ripaodues  dans  toutes  les  parties  du  corpa. 
Ainri  rinfnsoire,  qui  s'agite  et  se  dirige  dam  le  liquide  oh  it  a  pris  muaaanoe,  powMe  ^deiii> 
ment  Id  proprit'to  <le  se  rnuuvoir  ;  il  doH  etre  dmu''  de  .seiisiliilite  pour  di'terminer  ses  inouve- 
meots ;  enfin,  il  peut  ae  reproduire,  puisque  I'esp^ce  ue  p6rit  pas.  Voilk  dono  U  vie  4  son  degr6 
la  pliu  inflme,  aveo  toiitoi  l«s  fonotioiu  qu'elle  manifaate  o1i«b  1«b  animanz  tiev^  Maia  quand 
on  cherche  lea  organen  de  cliacnnc  de  ces  fonctioris,  on  iie  |)eut  plus  rien  distinguer,  et  c  est  k 
oe  point  de  vue  aeulemdnt  qu'on  doit  parler  de  la  pr^tendue  simphoit^  des  animaux  int^rieurs." 

REPRUDrCTION 

In  the  most  primitive  state  it  frequently  happens  that  the  whole  cell  contents 
of  an  organism  di^ade  into  a  number  of  smaller  part^,  pach  of  which  gives  rise 
to  a  new  organism.  In  such  a  process  the  new  organibms  are  endowed  only 
with  the  qualities  of  the  one  celL  Since  the  powers  of  adaptation  of  any  two 
organisms  or  cells  are  not^  as  a  rule,  identical,  it  is  clear  that  if  the  new  oq^aniams 
could  *<  inherit "  the  characteristics  of  more  than  one  it  would  be  to  its  advantage. 
Accordingly,  we  find,  very  enrb-  h\  flie  course  of  evolution,  arrangements  by 
which  two  cells  join  their  forces  by  iuMon  or  conjugation.  At  first,  the  two  cells 
are  similar,  as  in  Spirogyro,  but  almost  at  once  we  find  a  differentiation  by  which 
a  large  cell,  called  the  female  cell  or  gamete,  is  incapable  of  further  development 
without  fusion  with  another  smaller,  usually  motile,  cell,  the  male  gamete.  The 
grf»at  variety  of  arrangements  by  whicli  this  "  fertilisMti' "  is  eftected  or  facilitated 
are  Ix^yond  the  scope  of  this  Vmh^Ic  and  will  l)e  found  in  the  textbooks  of  botany 
and  zoology.  The  main  point  to  be  kept  in  mind  is  the  incapability  of  either 
the  male  or  female  cell  alone  to  grow  to  a  new  organism.  Since  it  is  the  female 
cell  which  remains  more  or  leas  stationary  and  is,  as  it  were,  sought  out  by  the 
male  cell,  while  the  new  organism  grows  from  the  fei  tilised  female  cell,  the  obvious 
efiect  nf  the  male  cell  is  to  set  into  activity  the  d<inoant  powers  of  segmentation 
and  growth  of  the  female  cell.  It  is  easy  thus  to  lose  sight  of  the  fact  that  the 
maltf  cell  also  brings  with  it  the  capacities  of  the  organism  from  which  it  has 
arisen. 

The  mysterious  power  of  the  male  has  from  the  earliest  times  excited  wonder 
and  has,  not  unnaturally,  become  the  object  (»f  r^'ligious  wor-^hip.  It  is  inde#»d 
greatly  to  be  regretted  that  the  sexual  process  should  have  l>ecome  the  subject 
of  unseemly  jesting.  Of  course,  incidents  of  real  humour  may  arise  in  any 
comiection,  without  detriment  to  its  essential  solemnity,  as  witness  the  great  art 
of  Bbakespeare.  But  I  feel  compelled  to  state  my  belief  that  much  mischief 
is  done  by  the  habit  of  looking  upon  anything  related  to  sex  as,  in  itself,  a 
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matt<»r  for  jesting,  apnrt  from  anv  loal  humour.  Possibly,  the  excessive  secrecy 
and  reticence  maintaiDed  oi>  tlic  question  are  much  to  blame,  aijd  there  is  no 
doubt  that  the  wider  teaching  of  a  proper  physiology  in  schools  will  have  a 
good  efifoct  in  this  directloo.  The  almost  umveraal  ignonuioe  mitten  of 
the  most  Tital  importance  to  the  community,  as  well  as  to  the  individnal,  is 
scarcely  less  than  amazing.  It  is  much  to  be  hoped  that  in  the  future  the 
m^xual  process  will  })e  lr»oked  upon  ;>'^  something  essentiallr  beautiful  and 
gcKxi,  in  ittct  as  «aAov  in  the  old  Greek  seJise.  Consider  the  jjlorious  manifestation 
ef  sex  in  the  lilies  of  the  iield  '  and  how  the  love  of  man.  uud  woman  has  been 
the  motive  force  of  many  of  the  greatest  and  noblest  deeds  in  the  world's  history. 

Owing  to  the  very  urgeney  of  the  impulse  for  the  sake  of  the  preservation  of 
the  ra<>\  cliarltahle  excuse  may  be  made  for  those  who  offend;  bat  condenonatioil  ! 
must  be  unsparingly  given  to  those  who  tempt  othei-s  to  sin.  * 

The  view  taken  by  Sir  Thomas  Browne  (••Religio  Medici."  vol.  i.,  p.  100  of  Sayle'a  ' 
fditiofi,  1904)18  nauob  to  be  regretted.  On  the  other  hand,  Ueddes  and  Thomson's  •'Ssat"  < 
(1924)  takes  ths  true  and  noble  posiiioii. 

After  this  apparent  digression,  for  which  I  ofier  no  apologv,  we  may  continQe 
what  may  perhaps  be  regarded  as  the  pi  |  >  r  subject  of  our  book.    In  referrace  to 

the,  as  yet,  mysterious  power  of  the  male  cell  to  excite  the  process  of  development 

in  the  female  cell,  flie  work  of  T/n-l)  ( 1900)  should  be  mentioned.  This  investigator 
showed  that  arttjicud  partheaoifenesis  ''  can  he  produced  to  a  certain  extent  by 
treatment  of  the  eggs  of  sea  urchins  in  various  waj's. 

The  following  is  the  most  effective  of  these.  The  egcs  are  first  placed  for  I  -5  to  three 
minutes  in  a  mixture  of  50  c.c.  of  sea  water  with  2  8  c.c  of  01  molar  butyric  acid.  They  are 
then  removed  to  200  c.c.  of  »ea  water.  Fertilisation  membranes  are  formed,  but  nothing 
more  happens.  The  next  step  after  the  eggs  have  remained  for  twenty  minutes  or  more  in  tie 
natural  sea  water  is  to  remove  them  to  Iniiertonic  st  a  M  ater,  made  by  adding  8  c.c.  of  2'5 
molar  aoditmi  chloride  to  50  c.c.  of  sea  water.  The  actual  time  they  require  to  remain  in  this 
solution  can  only  be  found  by  trial,  so  that  samples  are  withdrawn  every  five  minutes,  after 
they  have  remained  for  fifteen  minutes.  This  taking  of  samples  is  ctmtinuetl  for  sixty  minutes. 
Those  that  have  remained  for  the  oorreot  time  develop  into  normal  larva;  on  removal  to 
natural  sea  water.   Further  details  mAv  ?>e  found  in  the  book  by  Loeb  (1909). 

In  rare  instances,  as  the  well-known  one  of  the  bee,  wiieie  unfertilise<i  eggs  1 
develop  into  drones,  natural  parthenogenesis  is  to  be  met  with.     It  will  be  J 
obvious,  however,  that  the  advantages  of  mixing  the  qualities  of  two  individnalt  ifl 
absent  in  all  the.se  cases  of  parthenogenesis.    Wl^at  we  learn  from  the  experiments  | 
of  Loeb  is  that  it  is  only  under  a  combination  of  chemical  and  ph^f^ioal  influences,  I 
such  as  is  very  unlikely  to  occur  in  natural  conditions,  that  the  female  cell,  except 
in  such  rare  cases  as  that  of  the  bee,  is  able  to  develop  without  the  co-operation 
of  the  male  cell.    In  this  way  the  advantage  of  sexual  reproduction,  the  union  of 
two  individuals,  is  ensured.   At  the  same  time,  we  see  that  the  female  cell  actuaUy 
does  possera  the  power  of  development  apart  from  the  entrance  of  the  male  oeU. 

The  work  of  Pnibrua  on  "EmVryogeny"  (1906)  may  be  consulted  for  the  laws  governing 

development. 

HENDELTSM 

The  facts  of  heivuii  v  have,  df  recent  years.  l>ecoin*^  iu<»re  or  less  amenable  to 
scientific  treatment,  uiainly  by  the  work  arising  from  that  of  Mendel,  abbot  of 
BrUnn.  This  work  was  published  in  1865,  but  did  not  become  known  until  its 
discovery  by  De  Varies  in  1900. 

It  is  only  possible  in  the  limits  of  space  permissible  here  to  give  but  the  merest 
•  >ur]i)u>  of  the  fundamental  facts.  The  reader  is  referred  for  further  details  to  the 
book  by  Bateson  (1913). 

In  order  to  be  able  to  follow  the  process  of  inheritance  from  generation  to 
generation,  Mendel  directed  his  attention  to  some  single  character ;  in  the  Sweet 
Pea,  for  t- xainple,  he  took  the  <iuality  of  tallness  and  dwarfness.  Suppose  that 
a  tall  individual  was  crosve<l  witli  a  dwarf  one,  it  was  found  that  the  next 
generation  consisted  entirely  uf  tall  iniii\ iduah.  The  quality  of  tallness  wa^ 
called,  therefore,    dominafU"  while  that  of  tlwurfnes?*  was  called  "reccwit*?,"  since 
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it  was  found  to  be  merely  dormant,  as  it  were,  because  it  reappeared  in  the  next 
following  generation.  The  tall  individuals  of  the  first  generation  were  allowed  to 
fertilise  amongst  themselves  only  and,  in  the  whole  number  of  indi\iduals  produced, 
there  was  found  to  be  one  dwarf  to  every  thi-ee  talis.  The  remarkable  fact 
is  that  the  dwarfs  are  found  to  be  of  pure  breed,  that  is,  all  of  their  posterity 
are  dwarfs.  Of  the  tails,  one-third  arc  pure  breed,  the  other  twothirds  will 
give  the  same  mixture  of  one  dwarf  to  three  talis  in  the  next  generation  and 
»  on.  We  shall  see  presently  how  this  proportionality  is  to  be  explained. 
For  the  present,   we  note  that,  although  they  may  be  the  oflfepring  of  two 


Flo.  78.  PiioTooiiAPH  OF  SWEET  I'EA  PI.ANTS.  — Five  tall  and  three  dwarf,  grown  from  the 
«ame  pod  from  a  cros.s  between  a  tall  and  a  dwarf  variety.  The  dwarf  pTant.s  on  the  left 
are  pare  breed,  recessive,  although  one  of  the  parents  was  UU. .  The  tall  character  is 
the  dominant  one,  and  »ome  of  the  tall  individuals  are  mixed  breed.  The  whole  family 
corresponds  to  the  stage  Fr-  of  Fig.  79. 

(Bateson,  19^.)6,  PI.  1.) 

tall  individuals,  the  dwarfs  are  pure  breed  (Fig.  78,  from  Bateson's  Address,  1906, 
illu.strates  some  of  these  facts). 

Now,  in  the  sexual  cells,  or  gamete.s,  male  and  female,  the  chromosomes, 
»ri.sing  from  the  nucleus  by  mitotic  divi.sion,  are  only  half  the  numlK?r  of  tlio.^e 
fonned  in  the  somatic  or  general  lx>dy  cells  ;  so  tliat,  when  the  .sexual  cells 
unite  to  form  a  zygote,  the  normal  numW  is  again  attained.  Taking,  for 
simplicity,  the  characters  of  blackness  and  whiteness  whose  heredity  is  to  be 
traced,  the  scheme  of  Fig.  79  will  represent  matters. 

It  13  to  be  remembered  that  blacknes.s  and  whitene.ss  do  not  always  obey  simple  Mendelian 
so  that  any  character  taken  at  haphazard  cannot  l)e  used  to  trace  the  laws  of  heredity. 

We  have  just  seen  that,  compared  with  the  germ  cells,  the  Ixxly  cells  are 
double  structures,  so  that,  for  the  present  purpose,  we  may  represent  a  pure 
hUck  individual  by  two  black  symbols,  say  rectangles,  each  rectangle  representing 
»  germ  cell.  A  pur©  white  indiNndual  is  represented  by  two  wliite  rectangles. 
Forther,  when  a  black  and  white  individual  are  crossed,  the  hybrid  contains 
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hoik  characters,  but,  when  it  fornia  germ  cells,  the  qualities  are  separated  agaiL, 
80  that  each  germ  is  either  black  or  white,  not  a  mixture  of  the  tw<^  and  an 
equal  nomber  of  black  and  white  eeUs  are  formed.  When  one  ol  the  ohanuton 
is  dominant^  that  is,  when  it  ia  such  as  to  overpower  the  manifeatation  of  the 
other,  which  is  recessive  (in  our  case^  let  us  call  blackness,  dominant,  and  white- 
pp^^.  vef.fs^ive),  the  result  will  be  as  in  the  fliat^rfim  of  FiL'.  79  (Bate^ion,  1906). 
The  gametes  are  represented  by  the  single  leiteis  and  rectangles,  the  zygotes 
by  each  pair  of  these.  To  show  that,  blackness  is  dominant^  in  the  zygotes  the 
black  rectangles  are  placed  on  the  top  of  the  white  ones.  The  poarible  com- 
binations are  as  shown  and,  since  llark  ia  dominant,  individuals  composed 
iA  black  and  white  will  appear  to  be  black  and  indistinguishable  from  those 
composed  of  all  black.  Tn  this  way,  as  can  easily  be  seen,  there  will  be  three 
black  to  one  white,  or  three  dominants  to  one  recessive.    In  reality,  two  of 

the  three  domiuant«  are  impure. 
If  one  of  these,  BB*  is  erosnd 
with  RR,  an  equal  number  of 
blacks  and  whites  will  result 
(see  the  second  diairrarn  of  Fig 
79);  while,  if  Dii  is  crossed 
with  DD,  all  blacks  will  appear 
(third  diagram).  We  see  also 
that  when,  In  fertiUsatioB,  a 
white,  recessive  germ  meet"? 
another  white  gorra,  the  result 
is  pure  white,  and  blackness  is 
thrown  ont  from  that  fusily 
altogether.  Similariy  for  tm 
pure  black  germs. 

It  follows  that,  when  we 
know  that  a  particular  char- 
acter is  dominant  and  another  is 
reoesn-ve,  we  can  say  with  eon* 
iidence  that  when  a  recessive 
individual  has  once  made  its 
appearance,  all  its  descendant? 
will  be  recessive,  assuming,  of 
course,  that  it  is  not  crossed 
with  »  dominant  indivulaaL 
For  example,  the  original 
Chinese  primrose  has  a  palmate' 
leaf.  About  1860  a  variety 
appeared  with  a  pinnate  leaf. 
The  first  ia  domi  nant.  the 
second  reee88ive»  so  that  wbm- 

ever  the  latter  appears  it  continue  to  Iweftl  true. 

Naturally,  the  matter  is  not  always  quite  so  simple  as  this,  even  when  wp 
have  found  out  which  character  is  the  dominant.  There  are  interactions,  in 
some  cases,  between  the  factors,  and  the  manner  in  which,  say,  a  colour  is 
produced  has  to  be  taken  into  acoonnt.  Colour  is  not  necessarily  a  single 
character,  and  the  factors  which  produce  it  are  teparattly  transmitted,  giving 
rise  to  the  variety  of  colours  met  with,  especially  in  flowers.  The  eomp^y* 
inter-relationsliips,  nevertheless,  are  doubtless  capable  of  resolution. 

As  au  illustnitiii/t,  tJie  analysis  by  H.  Onslow  (1915)  of  the  difference  between 
recessive  whiteness,  or  albinism,  and  dominant  whiteness  may  be  meutiuued. 

Another  interesting  case  is  when  tiie  same  eharacter,  as  that  of  bearing  homt 
in  sheep,  may  be  dominant  in  the  one  sex,  recessive  in  the  other.  The  case  of 
horned  fin'l  liornless  sliecp  was  invp^tiirated  by  T.  B.  Woo<l  (1905). 

This  very  short  account  may  serve  to  indicate  the  kind  of  problems  that  maj 
be  attacked  from  the  Mendelian  point  of  view. 
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SYMBIOSIS 

In  certain  unicellular  animals,  such  as  Euglena,  we  finr!  clilorophyll  grains,  aa 
if  in  a»  plant  cell.  8ome  species  of  multicellular  animals,  aliio,  MUch  a&  Hydra 
ffiridis,  and  the  planarian  worm,  Convoluta  Roscoffevisia^  take  in  algae  and  carry 
00  a  purtaerdiip  in  nutrition,  as  it  were.  Reeble  (1910)  ^ws  that  this  Convoluta^ 
after  it  has  taken  up  the  green  algse,  is  able  to  live  and  grow  in  sea  water  which 
c<intains  no  solid  particles,  and  <mi!v  tracos-  r)f  onjamV  matter  of  any  kind.  The 
aigs'  are  able  to  decompose  c;u  bon  dioxide  and  form  carbohydrate,  as  under 
Dormal  conditions.  It  appears  that  the  starch,  thus  formed,  is  changed  into  fatty 
subBtaneea  liy  ^  vegetable  oella  and  passed  on  to  the  aaiiiial  oeiUs  In  this  form. 
Starch  itself  cannot  be  attacked  by  the  cells  of  the  animal.  Rows  of  fatty  particles 
are  seen  apparently  passing  from  the  green  oells  to  the  neighbouring  animal  cells. . 
It  is,  of  course,  possible  that  sugar  also  may  pass,  as  such,  to  the  latter  cells. 

Without  the  green  cells,  Ccmvoluta  Roscoffensis  fails  to  grow,  and  the  same 
thing  happens  in  darkness.  At  a  certain  stage  of  its  existence,  the  organism 
tesses  to  take  in  solid  food  and  depends  entirely  on  its  vegetable  partners. 

Keeble  has  shown  fnrther  (1910,  p.  123)  that  the  infeeting  alge  are  capable  of 
independent  existence. 

An  interesting  question  is  why  the  infecting  algse  grow  ';o  rapidly  as  they  do 
inside  the  animal  organism.  It  is  obvioiib  that  they  must  obtain  lairogen  and  it 
is  very  significant  that  Convoluta  RoacoJ'emis  and  C.  paradoxa^  which  also 
JODtains  symbiotic  algte,  are  peculiar  amongst  the  Torbellarian  worms  in  possessing 
DO  excretory  system  for  the  waste  products  of  their  nitrogenous  metabolism.  The 
mnclusion  is  clear;  these  waste  products  art^  utilised  by  the  algje.  In  f?iet.  it  i': 
actually  found  that  these  particular  algie  grow  Ijetter  when  supplied  with  their 
nitrogen  as  uric  acid  than  as  nitrate.  There  is,  moreover,  evidence  that,  not  only 
do  the  cells  of  the  algae  supply  the  animal  cells  with  fat  and  carbohydrate,  but  also 
with  nitrogenous  food,  which  they  are  able  to  hand  on  after  having  converted  that 
chained  from  the  sea  water  into  a  form  with  which  animal  cells  can  deal. 

Tiie  reader  recommended  to  consult  the  fascinating  little  manual  by  Keeble 
(1910)  for  further  information. 

SUMHABT 

The  use  of  food  in  the  growing  organism  is  supply  material  for  construction 
of  body  substance,  to  replace  that  lost  in  wear  and  tear,  and  to  give  energy  for 
the  performance  of  muscular  movements  as  well  sa  for  the  bringing  about  of 
endothennic  reactions.  In  the  adult,  of  course^  the  necessity  of  a  supply  for 
growth  is  absent 

The  amount  required  for  tiie  replacement  of  wear  and  tear,  or  msintenanoe^ 
is  small. 

In  growth,  it  is  obvious  that  all  the  chemical  elements  which  are  constituents 
of  the  organism  must  be  supplied  in  some  form  or  other,  hut,  while  very  simple 
chemical  compounds  suiiice  for  the  lower  organisms,  the  capability  of  dealing 
▼ith  such  is,  to  a  large  extent^  lost  by  the  animal,  even  at  a  comparatively  early 
stsge  of  the  protoaoa.  These  require  food  in  the  form  of  complex  organic 
conpoonds  already  prepared  by  other  animals  or  plants.  As  carbon,  nothing 
lew  complex  than  glucose  ;  as  nitrogen,  nothing  less  complex  than  amino-adds 
suffice  for  these  animal  organisms. 

In  addition  to  the  known  organic  compounds,  the  presence  of  traces  of  some 
substances,  whose  constitution  is  as  yet  unknown,  is  necessar^%  not  only  for 
growth,  but  also  for  maintenance.  It  appears,  however,-  that  there  arc  aome 
of  these  which  are  absolutely  indispensable  fbr  growth,  but  unnecessary  for 
Qsintenance.  These  "accessory  factors"  do  not  act  by  forming  part  of  the 
constitution  of  definite  chemical  compounds  such  as  the  proteins  of  the  protoplasm, 
bat  an  "  hormones  '  or  catalvsts  ;  nlthough  the  possibility  of  their  forming  some 
mential  part  of  the  cell  mechanism,  such  as  the  surface  membrane,  has  not  yet 
besn  dsllnitely  excluded. 


Digitized  by  Google 


296  •       PRINCIPLES  OP  GENERAL  PHYSIOLOGY 

For  the  purpose  of  energy  prodnetion,  t^e  supply  of  due  ftmounte  of  carbon 
and  hydrogen  alone  is,  in  theory,  sufficient.    Nitrogen  is  absolutely  necessary 

merely  for  the  purpose  of  replacing  that  which  is  lost  from  the  structure  of  tlie 
machine  in  wpar  and  tear.  At  tlie  same  time,  tbore  appear  to  he  certain 
advantages  in  taking  a  larger  proportion  of  nitrogen  food,  at  all  events,  for  mo*»t 
people.  The  protein  content  of  most  standard  dietaries  is  certainly,  however, 
unnecessarily  high. 

Tbere  are  some  organisms  which  have  Tery  special  requirements  as  to  food 
materials. 

As  naturally  follows  from  the  bets  given  in  preceding  chapters,  the  presence 
of  inorganic  salts  in  food  is  essential. 

The  method  by  which  atmospheric  nitrogen  is  made  available  for  the  food  of 
plants  an<l  animals  is  (lescrilie<l  in  the  text.  The  sta-jres  ar<»,  briefly,  bacteria  of 
the  soil,  anil  in  the  root-n^)dules  of  legumitious  plants,  |ui>teins  of  plants  and 
animals,  ammonia,  nitrites,  nitrates.  The  iuUn  are  again  utilised  by  plants, 
part  being  lost  as  nitrogen  gas,  and  if  not  used  up,  by  a  reverse  process  iMck  to 
ammonia. 

With  regard  to  the  "accessory  factors,"  or  hormones,  it  will  be  dear  that, 
if  a  certain  chemical  grouping  is  required  for  a  special  purpose  in  the  organism, 
such  as  an  internal  Hecretion,  and  if  the  or<»anism  is  unable  to  synthesise  it  f->r 
itself,  then  it  must  be  given  in  the  diet.  »Sueh  a  buUstanee  is  tryptophane  f«.»r  the 
growing  rat.  But  there  is  something  else  needful.  Rats  will  not  grow  on  a  diet 
of  pure  protein,  fiat>  carbohydrate,  and  salts,  even  when  containing  aU  the  known 
chemical  constituents  of  food,  including  tryptophane.  There  is  a  substance 
present  in  a  minute  amount  of  milk,  or  boiled  extracts  of  fresh  vegetables  or  meat, 
which  is  absolutely  necessary.  Moi-eover,  \\  \wv.  these  factors  are  pi^eseut,  animaL> 
are  able  to  preserve  their  tissue  nitro2:en  on  pure  amino-aeids. 

Certain  diseases,  such  as  Ixii  beri  aati  scurvy,  have  been  shown  to  be 
causerl  hy  the  absence  <tf  similar  "accessory  factois  "  in  diet. 

There  is  some  evidence  that  even  yeast  and  bacteria  are  dependent  for 
griiu  tli  on  similar  "accessory  factors." 

Tlie  chemical  constitution  of  proteins,  an  condensations  of  aniino^ids  of 
different  kinds,  is  described  briefly  in  the  text.  These  substances^  when  taken 
as  food,  are  first  hydrolysed  in  the  organism,  by  means  ol  the  digestive  enzymes, 
to  their  constituent  aniino^cids  and  relateii  substances.    The  greater  part 

of  thf"*e  amino-acids,  pa^stnir  into  the  l)loofl.  is  de-aminate«l.  mainly,  or  perhaps 
exclusively,  in  the  liver;  the  resulting  ammonia  is  converted  to  urea,  again 
mainly,  or  perhaps  exclusively,  in  the  liver;  the  hydroxy  or  ketonic  fatty  acids 
produced  are  burnt  up  for  energy  purposes.  The  small  part  of  the  amino^tds 
not  de4uninated  is  used  by  the  tissues  for  growth  or  for  replaoQment  of  loss 
by  wear  and  tear. 

There  are,  then,  two  more  or  less  dintlnct  forms  of  protein  metabolism,  one 
for  energy  purposes,  **  exo;^enou8,"  in  which  the  nitrogen  is  lost,  the  other  for 
repliM>enient  of  loss  or  for  growth,  "endogenaus"  iu  which  the  nitrogen  is 
retained. 

The  t^uestion  of  the  uiijiimum  nitrogen  requirement  is  discussed  in  the  text. 
The  amount  absolutely  necessary  for  a  healthy  man,  doing  the  ordinary  amouut 
of  work,  has  been  reduced  to  3*6  g.  per  day,  equivalent  to  21  g.  of  protein. 
The  t  t*^nl  ^^nergy  value  of  the  diet,  expressed  in  heat  units,  must  not  be  less 
than  'dyOOO  calories,  nul(ie  up  with  carbohydrate  and  fat. 

There  is  evidence  that  the  presence  of  earlx>hydrate  is  essential  for  the  synthesis 
of  protein,  both  in  the  animal  and  in  the  j>Iunt. 

In  the  wear  and  tear  of.  the  protoplasmic  mechanism  only  a  certain  part 
requires  replacement,  not  the  whole  of  a  complex  molecule. 

The  importance  of  creatine  and  purine  metabolism  is  pointed  out. 
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In  muscular  work,  6o  long  as  it  is  not  excessive,  no  evidence  of  increased 
mtrogeu  excretiou,  due  to  wear  and  tear,  or  otherwise,  is  to  be  obtained.  It 
Appears  that  a  complex  anbttance,  oontaimng  nitrogeir  and  of  a  high  energy 
oontent»  U  broken  down  to  give  the  energy  of  the  contraction  process.  The 
nitrogenous  constituent  is  normally  usecl  again  for  resyntheeia  of  the  "inogen," 
while  the  carbon  and  hydrogen  are  burnt  up. 

The  chief  function  of  carbohytlrute  food,  as  also  of  fat,  1*^  to  afford  energy; 
but,  in  the  process  of  its  oxidation,  a  number  of  intermediate  products  are 
produced,  given  in  the  form  of  a  diagram  in  the  text  (page  273).  These 
snbetances  are  of  importance  in  that  they  give  opportunity  for  the  occnrrence 
of  reactiona  of  importance  to  the  organism  in  other  w  lv  .  Pyruvic  aldehyde, 
lactic,  and  pyruvic  acids  may  be  especinllv  nipntioned.  All  of  these  reactions, 
with  the  exception  of  the  last  stages  ct  oxidation,  have  been  shown  to  be 
reversible  under  conditions  obtaining  in  the  living'  organism. 

Fat  is  of  Hfiditional  importance  as  being  readily  stored  in  considerable  quantity! 
It  can  be  formed  from  the  carbohydrates  of  the  food,  and  the  manner  in  which 
there  is  eveiy  reaaon  to  auppoae  that  the  process  takes  pUce  is^  in  general  terms, 
as  follows.    By  condensation  of  an  aldehyde  with  a  ketonic  acid,  we  obtain 

another  aldehvile  with  two  more  carbon  atoms  than  the  oriirinal  one  and,  by 
repetition  of  tlie  proce»ti,  with  hnal  reduction,  fatty  acids  with  straight  chains  of 
carbon  atoms,  inc •'easing  by  two  at  a  time,  are  produced. 

The  frequent  occurrence  of  pyruvic  acid  in  the  processes  of  metabolism,  of 
carbohydratei  fat  and  protein,  is  pointed  oat  HiIb  substance  forms,  as  it  were, 
a  meeting  place  of  the  three  different  chMses  of  food-stufis. 

The  valne  of  perfusion  experim^ts  and  experiments  t»  iniro  as  extmded  to 
processes  In  the  whole  organism  is  discussed  in  the  twt 

Carbohydrates  and  fata  are  readily  stored  in  the  tissues  as  glycogen  and 

neutral  fat*^',  rf><-pf^ctively.  There  does  not  seem  to  Ix*  any  particular  form  in  whieli 
protein  i>s  ^tore(i,  except  as  tissue  or  .protoplasmic  substance,  although  amino-acida 
can  be  adsorbed  by  tissue  colloids. 

The  effect  of  ammonia  and  uf  urea  in  diniiiiishiug  the  nitrogen  loss  is  probably 
due  to  a  diminution  by  mass  action  of  the  de  amination  of  amino-acids  and  of  the 
formation  of  urea  from  ammonia. 

The  question  of  optical  activity  is  discussed  in  the  text  and  the  way  in  which 
compounds  of  this  kind  may  have  tirst  arisen  is  described.    The  preferential  use 

of  one  optical  isomer,  at  all  events  for  energy  purposes,  is  shown  to  be  merely  one 
o£  degree,  although  the  cell  constituents  are  finally  composed  of  one  set  of  isomers. 

Results  obtained  by  the  growth  of  tissues  ???  »-i7ro  show  that  proteins  can  be 
utilisetl,  or  dealt  with  in  some  way,  by  cells  themselves,  a  fact  also  evident  from 
the  using  up  of  cell  substance  in  starvation.  The  process  is  to  be  explained  by  the 
presence  ol  antolytic  enzymes.  Under  normal  conaitions,  the  proteins  of  the  olood 
do  not  serve  as  nitrogen  food  to  the  odls  of  the  tissues. 

The  fact  that  an  organ  of  one  animal  has  not  been  satisfoctorily  transplanted 
into  another  one,  apart  from  exceptional  cases,  argues  an  extraordinary  complexity 
of  some  kind  or  other  on  the  part  of  the  protoplasmic  systems  of  the  cell. 

There  is  no  evidence  that  the  processes  of  nutrition  in  cells  are  direcUy 
influenced  by  the  nervous  system  ;  although  the  existence  of  nerve  fibres  supplying 
cells  forbids  a  categorical  denial  of  the  possibility  of  such  influence. 

Certain  processes  of  growth  and  metabolism  obey  definite  known  mathematical 
laws. 

It  is  pointed  out  that  the  investigation  of  functions  of  the  lower  organisms  is 
less  likely  to  lead  to  valuable  knowledge  than  that  of  the  higher  organisms. 
The  methods  of  (K>mparative  physiology  are  of  value  in  enabling  us  to  exclude 
unessential  factors  and,  in  certain  cases,  allow  experiments  to  be  made  und*  r 
conditions  in  which  it  would  be  impossible  to  preserve  the  organs  of  warm-blooded 
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•ninuila  in  a  normal  atate.  The  fundMuental  phenomena  of  general  phybiol  *^)  ^ 
cannot  be  disoorered  by  confining  our  attention.to  the  lower  orgamsma. 

The  essential  fact  in  the  physiology  of  sexual  reproduction  is  the  advantage  | 
gained  by  the  union  of  the  capaciti^  and  qualities  of  two  cella  from  dtlforent 

infliviiliKils.  Spw'inl  cells  are  set  npnrt  f<>f  thi*'  purpose,  eaoh  }v.ir!':f  incomplete 
and  incapable  of  <>lopmpnt  witlxiut  tlu*  enncunvnre  uf  the  cell  ol  the  opjxisit*' 
sex.  lu  the  case  of  the  temale  ceil,  this  incapacity  of  development  is  to  a  certain 
degree  only  a  relative  one.  The  eggs  of  aome  invertebrates  can  be  made  to  develop 
by  chemical  agency  and  a  few  rare  caaea  are  known  where  the  unfertiliaed  eggs 
develop  into  adult  animaia.  ^ 

A  short  account  is  given  of  the  facta  of  heredity  aa  treated  on  the  principles 
laid  down  by  Mendel. 

In  certain  cases,  plant  and  aniin.nl  cells  live  side  by  side  in  the  same  organism 
(symbiosis).  The  plant  cell*  contain  chlorophyll  and  afford  carl)ohydrate  materiil 
for  the  animal ;  wliile  the  cells  of  the  latter  appear  to  provide  nitrogenous  food 
for  the  growth  of  the  plant. 
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CHAFTEK  X 

CATALYSIS  AND  ENZYMES 

FUNDAMENTAL  FACTS 

,  SijrcEthe  work  of  Bert!ip'Mt  and  P.';in  (it-  St  Gilles  (1SG2)  if  lias  Ix-on  a  familiar 
fact  that,  if  etJnl  a-  "late  and  wat^r  be  iiiixt'd  in"  niolrcular  jiroportioiis,  and 
aliowed  to  remam  for  some  weeks,  the  ester  is  hydroiysed  witli  foriuutioii  of 
«tbyt  alcohol  and  water;  but,  however  long  a  time  be  allowed  to  elapse,  only 
a  certain  part  of  the  ester  undergoes  conversion,  although  there  is  auiiicient  water 
to  hydrolyse  the  \\liole.  The  rate  of  change  becomes  slower  and  slower  until 
it  cpases,  and  at  this  time  it  is  found  tliat  the  four  components  of  the  system  are 
prejieiit  in  the  proportion  fif  one  tliird  of  a  gram-molecule  each  of  alcohol  and 
»cid,  two-thirds  of  a  gram -molecule  each  of  ester  and  water. 

Further,  suppoee  that  we  hare  commenced  with  acetic  acid  and  alcohol, 
•tso  in  molecular  proportion,  and  have  allowed  the  reaction  to  proceed  until 
it  stops,  we  find  that  we  obtain  the  same  proportion  of  the  four  components. 
Clearly  we  have  to  deal  with  a  case  of  equilibrium,  or  balance  of  opposite 
tactions. 

Kow  these  reactions,  which  for  the  present  purpose  we  may  regard  as  being 
s^taneous,  are  extremely  slow.   We  can,  however,  increase  their  rate  enormously 

by  adding  some  mineral  acid.  In  this  case,  the  attalrnnent  of  equilibrium,  which, 
left  to  itself,  takes  weeks,  can  be  hrouiiht  about  in  a  few  hours.  Tliere  are  three 
important  facts  to  be  noticed  here.  Firstly,  the  composition  of  the  system 
in  equilibrium  is  the  same  under  the  action  of  acid  as  when  reached  sponta-neousiy. 
Secondly,  the  acid  added  is  found,  after  its  work  is  done,  still  present  in  the  same 
itite  as  it  was  originally.  Lastly,  whether  we  start  from  ester  and  water,  or 
«cid  and  alcohol,  we  find  that  the  rate  of  the  reaction  is  accelerate<l  by  the 
addition  of  acid  Thiv  latter  fact  follows,  as  we  sliall  see  later,  from  the  other 
i»ct  that  the  equilibrium  position  is  not  elian:|ed  by  the  presence  of  the  acid. 

Let  us  take  now,  instead  of  acid,  an  e.vtract  of  the  panct^eas  and,  in  place  of 
ctbyl  aeetate^  another  similar  ester,  amyl  butyrate. 

Tha  experiment  wm  made  by  Dietz  (1907)  and  the  higher  ester  was  used  for  convenience  in 

c»IciiUtinc  the  results,  since  tlie  spontaneous  reaction  is  so  slow  as  to  be  undetectaMe  during 
t^e  time  of  the  experiment ;  in  other  respects,  the  system  may  be  regarded  as  precisely  similar 
te  the  previoaa  one. 

The  effect  of  the  pancreatic  extract  ia  even  more  powerful  than  that  of  acid 
IB  accelerating  the  reacti<m.  Otherwise,  the  three  facts  to  which  attention  was 
e»U«d  in  that  case  are  also  to  lie  noticed  in  this,  with  one  slight  exception, 
iurrif'!v.  that  the  position  of  equilibrium  is  not  quite  the  same  as  that  under  acid 
or  the  sp^^.ntaneous  one.  Fig.  5  (p.  92)  in  niy  monograph  on  "Enzyme  Action" 
»bows  that  the  position  of  equilibrium  is  the  same  when  attained  from  either 
dirsetion,  a  fact  also  obvious  from  Fig.  BO  of  the  present  work. 

One  metre  caae  will  be  instntctive,  before  we  proceed  to  disenss  the  meaning 
of  the  facts  before  m.    This  is  the  one  to  which  Fig.  81  refers.    The  system  here 

nn.'>  of  glnrM<e,  glycerol,  glycerol-'jrluco<5idf«,  and  water.  The  equiliVi!  iuni  is 
wrought  about  under  the  agency  of  a  substance  obtained  from  almond**,  and  known 
^  eamlsin.  The  curves,  taken  from  experiments  of  my  own  (li)13),  show  that 
the  equilibrinm  position  is  tha  lame^  whether  we  start  from  glacoee  and  glycerol 
or  from  glveoside  and  water.  The  additional  fact  is  that  we  are  dealing  with 
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Nouns  N>  20  M  40  SO  to  ^ 

Fio.  8a    Serifs  of  curves  8howi!«o  tub  DiFF£REi(T  equiubbiuu  positioss  or  the  oleic 

A(-ID-«iLYCEKOL  FAT- WATER  9YSTKM.   AS  AITAINKD   tffMDBR  THB  ACTION  OF  UPABB  WOM 

MFFERENT  PRfirnRTIONS  OF  WATKR. 

Note  thi»X  thv  gr^Uff  tItL-  ixxiceatratiou  ol  waier,  the  netirer  is  the  e'juilihriniu  |K>int  to  that  of  complete  bydroljiit 
(upper  three  pairs  o(  curves). 

Hm  prtwaoe  of  wvm  ot  gtjoerol  Oowwt  pftir  of  oanrM)  lead*  to  inoreaM  of  qrnUiMii,  fagr  rvnovml  of  water  wtH 


Ordinates— percentage  of  free  i 
AbKUMw — time  io  boun. 
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optically  active  bubatances.  Glucose  is  dextro-rotatory  and  we  find  that,  as 
gioooside  u  formed,  the  rotatioii  of  the  mixture  diminislieB,  finally  pas-sing  to  the 
faevo-side  of  aero.  Now  there  are  two  possible  optical  isomers  of  the  glucoside, 
according  to  the  position  of  the  glyceryl  group  in  relation  to  the  terminal  hydrogen 
atom  of  iktb  gluooee^   Thus,  diagnunmaticaily,  putting  G  for  glyceryl : — 

GO      H  H  00 

Y  Y 


HO-C-H 

HO— C-H  \  HO-C— H 


C— H  ^C— H 

Ho-A-H  no-h-3. 

I  ! 
H0-C=H4  HO-C=Ha 
«*giacoad&  /t^gluoostds. 

The  one  on  the  left,  called  for  convenience  the  a-glucostde,  has  a  higher  dextro- 

rotation  than  glucose,  while  the  /^-^^lucoside  is  Isevo- rotator}".  The  preparation 
frrun  almonds,  which  wa.s  used  in  tlie  experiments,  is  found  to  cause  hydrolysis 
of  tiie  series  of  ^-glucosides  only,  of  which  there  are  a  great  nun>ber.  The 
experiment  quoted  shows  that,  it  also  brings  about  synthesis  of  the  [i-  form 
oc  the  glycerol-glnoostde,  since  that  one  formed  is  levo-rotatory.  Similar  results 
were  obtained  by  Bourquelot  and  firidel  (1913)  in  the  case  of  numerous  glucosides 
of  alcoliols.   Xote  that  the  two  glucosides  are  not  mirror-images  (see  page  284  nVw>ve). 

An  important  fact,  whi*  h  will  be  found  to  be  of  much  significance  in  later 
ps^gea,  is  that  the  reaction  takes  place  in  alcohol  of  such  a  strength  that  the  agent, 
emxU^n,  is  completely  insoluble  in  it  and  can  he  filtered  o£^  leaving  no  trace 
In  adlotioo.  The  same  statement  applies  to  the  experiment  of  Diets  with  extract 
of  pancreas,  or  lipase,  as  the  active  constituent  has  heen  called. 


CATALYSIS 

What  is  the  meaning  of  all  the.se  facts? 

To  begin  with,  it  will  have  been  plain  from  the  facts  given  in  tlie  chapter 
on  Xatiition  that  the  chemical  changes  which  take  place  in  the  living  organism 
are  of  a  kind  such  as,  in  the  laboratory,  can  only  be  brought  about  by  powerful 
reagents  and  high  temperatures.  Take  the  hydnjlysis  of  pi-otein  to  amino  acids. 
Tlii'*  is  effe<^ted  in  tho  lalx)ratoi*y  by  boiling  concentrntt^d  hvdrochioric  acid,  but 
ill  the  organism  it  takes  place,  at  an  equal  rate,  at  ordinary  temperatures  and 
in  a  medium  which  is  only  just  faintly  alkaline  or  neutral.  This  ^t  especially 
attettcted  the  notice  of  SchUnbein  (1863). 

Berzelius  (1837,  pp.  19-25),  however,  directed  the  attention  of  chemists  to 
what  he  called  a  "force  which  differs  from  those  hitherto  known."  On  nccount 
of  the  importance  of  the  question,  I  will  give,  in  an  abbreviated  form,  the 
d€9sK;ripticHi  given  by  Berzelius,  whose  portrait  is  reproduced  in  Fig.  82. 

The  di&ulty  to  which  attention  has  just  been  called,  is  pointed  out  by 
tbia  chemist.  Kood  is  supplied  to  an  organ  and,  without  the  assistance  of 
aaxy  other  liquid,  we  obtaisi  s^iliva,  milk,  urine,  and  so  on.  A  di.scovery  was 
made  by  Kirchhof  (1812)  which  gave  the  first  clue  to  an  understanding  of  the 
vital  proces.se.s,  but  which,  as  it  is  scarcely  necessary  to  rt  mark,  are  still  far 
from  complete  explanation.  Kirchhof  found  that  starch  could  be  converted 
into  glucose  by  the  action  of  dilute  sulphuric  acid,  which  was  iteelf  unchanged 
|f»  the  process,  since  it  could  he  recovered  at  the  end.  The  next  step  was, 
giuecording  to  Berzelius,  the  discovery  of  hydrogen  peroxide  by  Th^nard.  Tliis 
was  noticed  to  be  decompoM'd,  not  only  V)y  soluble  alknli«'s,  but  also  by  many 
vfirious  kinds  of  solid  insoluble  sub.stances,  such  as  manganese  peroxide,  silver, 
platinum,  and  the  fibrin  of  blood.    These  do  not  take  part  themselves  in  the  new 
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compounds  formed,  but  remain  unaltered  ;  they  are  stated  to  act  by  an  "indwelling 
force,  whose  nature  is  still  unknown."  Shortly  before  Thenard's  discovery, 
Humphrey  Davy  had  found  that  platinum,  under  certain  conditions,  had  the 
power  of  causing  the  oxidation  of  alcohol  vapour  in  air.  Edmund  Da>'y,  hia 
cousin,  made  a  more  active  preparation,  which  was  actually  platinum  in  a  very 
finely  divided  state,  and  Diibereiner  made  a  spongy  platinum  which  could  even 
cause  the  union  of  oxygen  and  hydrogen  gases.  As  we  shall  see  later,  this 
greater  activity  is  due  to  the  greater  extent  of  surface.    Berzelius  points  out* 

that  this  property  is 
not  confined  to 
platinum,  but,  in  a 
less  degree,  is  pos- 
sessed by  other  sub- 
stances. Thus,  while 
platinum  is  active 
even  below  0°  C,  gold 
requires  a  higher 
temperature,  silver 
still  higher,  and  glass 
at  least  300*.  He 
next  refers  to  the 
phenomena  of  alco- 
holic fermentation, 
known  since  the 
earliest  times,  before 
written  history. 
But,  until  Cagniard 
de  Latour  (1838),  the 
fact  that  it  was  pro 
duced  by  a  linng 
organism  was  un- 
known. The  words 
used  by  Berzelius  are 
worth  quoting:  "We 
had  made  acquaintr 
ance  with  the  fact 
that,  for  example,the 
change  of  sugar  into 
carbonic  acid  and 
alcohol  takes  place  in 
fermentation  under 
the  influence  of  an 
insoluble  body,  which 
we  call  'ferment^' 
and  also  with  the 
fact  that  this  ferment 
could  be  replaced, 
although    less  efleo- 

tively,  by  animal  fibrin,  coagulated  plant  albumin,  cheese  and  similar  substances,  as 
well  as  with  the  experience  that  the  process  could  not  be  explained  by  a  chemical 
action  between  the  sugar  and  the  ferment  analogous  to  double  decomposition. 
Comparing  it  with  known  relations  in  the  inorganic  world,  it  was  seen  to  be 
most  like  the  decomposition  of  hydrogen  peroxide  under  the  influence  of  platinum, 
silver,  or  fibrin ;  it  was,  therefore,  natural  to  suppose  that  the  action  of  the 
ferment  was  an  analogous  one."  The  investigations  of  Mitscherlich  on  the 
formation  of  ether  from  alcohol  by  sulphuric  acid  are  next  brought  into  connection 
with  those  of  Kirchhof  on  sugar  and  with  the  action  of  alkalies  in  decomposing 
hydrogen  peroxide.  What  is  common  to  all  is  the  manifestation  of  a  "new 
force,"  difl'erent  from  chemical  aflinity  in  the  ordinary  meaning  of  the  words, 


Fig.  82. 


Portrait  of  Blrzelu's. 

(From  the  painting  by  Sodermark.) 
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in  that  a  sttbstaoce  may  effect  chemical  changes  without  itself  takiog  part  in 
tbem.    Beraelius  is  careful,  however,  to  guard  himself  from  the  snppositioQ 

that  this  force  is  other  than  a  special  manifestation  of  known  properties  of 
ni.'itt+^r.  We  shall  see  later  that,  in  certain  casen,  explanation  on  the  lines 
or  known  chemical  and  physical  laws  is  actually  poBsibJe.  To  return  to  our 
aiitbor>  we  iSnd  a  definition  of  the  process  given  as  follows:  *'I  will  call  it 
the  eaialytie  power  of  substances  and  tne  decomposition  effected  thereby,  ccUalyti&i 
just  as  we  understand  by  analysis  the  separation  of  the  constituents  of  sul^tances 
hv  means  of  ordinary  chemical  affinity.  Catalytic  power  appears  .to  con«»ist 
essentially  in  the  fact  that  substances  are  able  to  set  into  activity  affinities  which 
are  dormant  at  this  particular  temperature,  and  this,  not  by  their  own  affinity, 
but  by  their  presence  alone^" 

Turning  to  living  nature,  it  is  pointed  out  that  "  we  have  justifiahle  reasons  to 
suppose  that,  in  liWng  plants  and  animals,  thousands  of  catalytic  processes  take 
place  between  the  tissues  and  the  liquids  and  re*<ult  in  the  fonnation  of  the  great 
number  of  dissimilar  chemical  compounds,  for  whose  formation  out  of  the  common 
raw  matma],  plant  juice  or  hlood,  no  probahle  cause  could  be  assigned, 
cause  will  perhaps  in  the  future  be  discovere<l  in  the  catalytic  power  of  the  organic 
tissues  of  which  the  organs  of  tlie  li\  ini^  body  c<in.sist." 

With  lespect  to  the  name  itself,  it  must  1h'  admitted  that  "catalysis"  suffgests 
an  opposite  kind  of  process  to  that  of  ^'  analysis  " ;  so  that^  since  this  latter  implies 
the  sepaimtiGfi  6t  a  process  or  compound  into  its  constituents,  catalysis  might  be  . 
taken  to  mean  a  synthetic  process.  The  word  has  come  into  general  use,  however, 
to  denote  such  processes  as  those  referred  to  by  Berzelius.  It  is  also  convenient 
to  have  a  word  for  the  agent  it^^elf  :  "catalyst  "  is  mo«?t  frequentiv  used,  Bomrtirne«i 
"catalyser.  Both  have  the  same  meaning,  but  the  former  seems  to  me  to  Ije 
more  euphonious  and  to  correspond  better  to  the  Greek  form  of  the  word,  although 
it  may  have  the  suggestion  of  human  personality. 

If  now  we  turn  back  to  the  examples  given  at  the  beginning  of  this  chapter, 
we  see  at  once  that  they  belong  to  those  called  catalytic,  in  that  the  agent 
concerned,  acid  or  tissue  extract,  does  not  itself  form  a  part  of  the  final  chemical 
system  in  equilibrium.  Again,  considering  the  first  of  these,  the  ester  system,  we 
note  tbat  the  catalyst  does  not  actually  set  into  action  a  new  process,  but  merdy 
hastens  one  that  wss  already  in  progress.  Ostwald  (1902,  II.,  1.,  p.  515 ;  2nd 
edition)  therefore  defines  a  catalyst  as  a  substance  that  increases  the  rate  at  which 
equilibrium  is  reached.  l>ut  at  the  same  time  he  points  out  that  the  reaction, 
without  the  catalyst,  may  be  ho  slow  that  it  appears  not  to  take  place  at  all. 

A  simple  experiment  will  assist  us  in  understanding  the  essential  properties 
of  a  catalyst  and  avoid  confusion  with  some  other  processesj^  which  nave  a 
superficial  resemblance  to  those  of  catalysis. 

Take  a  piece  of  osrefnlly-cleaned,  polished  plate  glass  about  a  metre  lonu  and  some  20  o. 
broad.  Rest  one  end  on  tfte  table  and  raise  tne  other  end  on  an  adjustable  support.  Xow 
take  a  bra^  weight  of  about  one  kilogram,  pohsh  the  bottom  and  place  it  on  the  top  of  the 
^lass  plate,  which  forms  an  inclined  pUne.  liy  delicate  adjustment  of  the  angle  of  the  plane, 
It  will  be  found  possible  to  find  such  a  position  that  th^  weight  i^lides  down  ver}*  slowly.  This 
is  the  mosft  difficult  part  of  the  experiment,  since  a  speck  of  grittv  dust  will  stop  the  descent, 
so  that  it  is  well  to  p^jlish  the  surface  ^ith  a  little  talc  and  a  chamois  leatliei  immediately 
before  the  weight  is  placed  thereon.  This  part  of  the  experiment  repreeeats  a  reaction  taking 
place  oif  iteelf  veiy  dowly.  Apply,  next,  a  little  (nl  to  the  bottom  of  the  weight  sod  a^in 
place  it  at  the  top  of  the  plane.  It  will  slide  down  with  great  rapidity.  The  oil  represents 
the  catalyst.  « 

There  are  several  instructive  points  alxmt  this  sclx  me.  Notice  first  that  the 
energy  available  in  tlie  "  reaction  "  is  simply  that  due  to  the  fall  of  the  weight 
from  the  vertical  height  of  the  top  of  the  plane  to  that  of  the  lower  end,  and  that 
this  is  nnalfocted  by  the  addition  of  the  catalyst,  which  therefore  takes  no  part 
in  the  final  state.  A  point  of  importance  in  relation  to  the  catalytic  reactions  in 
the  living  organism  is,  however,  that  the  form  of  the  energy  may  be  different  in 
the  two  cascj.  Without  the  oil,  tlie  woiirht  arrive*!  at  the  bottom  with  verv  little 
kinetic  energy,  most  of  its  potential  energy  haviuj;  been  lost  as  heat,  due  to 
friction  along  the  glass.    With  oil,  very  little  energy  is  lost  as  beat  and  the 
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woight  arrives  at  the  bottom  witli  considerable  Idnetio  energy.  This  teaches  os 
that  tlie  actual  products  of  a  catalysed  reaction  are  not  neoeaaarily  identical  with 
tho^e  obtained  in  the  absence  df  a  catalvst. 

The  next  point  is  that,  within  imuts,  we  cau  vury  tlie  rate  of  fail  hy  the 
spplioation  of  mach  or  little  oiL  Although  the  catalyst  docs  not  aflect  the 
position  of  the  equilibrium  point,  the  rate  at  which  this  is  reached  is  direcsly 
proportional  t«i  the  amount  of  the  catalyst  present.  Moi*eorer,  comparini^  the 
relative  etliciency  of  diii'erent  amounts  of  oil,  we  note  that  small  amounts  pnnln.^ 
at  hrst  a. much  greater  effect  than  the  aanie  amounts  added  after  there  is  alrt^av 
a  considerable  amount  present.  Hub  is  chaiaeterktie  ctf  adsorpiiim  and  appli€» 
to  enzymes,  the  catalysts  of  living  organisms,  particularly. 

We  may  next  note  the  diffei-ence  between  what  is  sometimes  called  trigger 
acti«u\  "  ,'»Ti(l  catalvsi'*.  Suppose  that  the  plane  is,  for  convenience,  rai<5e<l  to  a 
rather  steeper  position  than  before,  and  that  the  weight  is  pre\ented  from  sliding 
down  by  the  support  of  a  catch  of  some  kind.  When  the  catch  is  removeij,  the 
irdght  nllSy  but  the  amount  of  work  done  in  moving  tlw  catdi  has  no  e^ct  what* 
ever  on  the  subsequent  process ;  whether  the '  trimmer  moves  very  stiffly  or  eaaly, 
the  w  i„'ht  descends  at  the  same  rate.  The  true  catalyst,  oil,  exerts  its  action 
throughout  the  whole  of  the  dewent,  where^vs  the  action  of  the  trigger  is  completed 
before  the  fall  begiu;*.  8upei"saturated  solutions  ai-e  cases  of  "trigger  action.'^ 
They  remain  inde&itely  as  such  until  infected  with  a  crystal,  and  then  the  rate  of 
crystallisation  is  Independent  of  the  amount  of  crystals  added.  I1ie  same  fact  is 
exhibited  in  the  case  of  supercoole<I  act-tic  acid,  as  shown  by  B.  Moore  (1S93)  in 
his  experiment.'?,  in  which  a  long  tube  was  used. 

One  more  fact,  the  meaning  of  which  will  be  appreciated  later,  is  that  in  our 
model  the  oil  partially  disappears  by  sticking  to  the  glass,  so  that  the  whole  of  it  is 
not  present  on  the  weight  at  the  bottom.  In  a  certain  sense  we  may  say  that  it 
has  "  combined "  with  some  other  coastituent  of  the  systteL  In  some  catalytic 
react!"t!H  we  meet  with  phenomena  of  this  nature;  for  example,  in  the  cliainlK»r 
pimess  lit  suljihuric  acid  manufacture,  the  nitric  acid,  which  acts  as  a  catalyst, 
blowly  di.suppcars,  being  used  up  in  subsidiary  reactions. 

It  is  held  by  some  that  a  catal3'6t  may  actually  start  a  reaction  which  Mas  not  in  progress 
on  account  of  chemical  "  friction."  Our  model,  again,  sliowa  this  phenomenon.  The  friction 
between  the  weight  and  the  glass  may  be  so  great  that  no  movement  appears  to  take  plMe 
until  oil  is  applied.  The  questfon  is  rather  of  theoretical  interest  and  may  ahnost  be  said  to 
^>e  oiitj  (if  wunls.  The  use  of  the  Wdif!  "friction"  inqilii  -  tlitr  iM)Hsi})ilit\ of  nioveriK'nt.  a\\'\ 
it  may  be  said  that  the  weight  really  does  move,  but  is  arrested  again.  There  are  also  ail 
degrees  of  friotion,  with  oorrwponding  rates  of  morement,  and  the  rate  of  a  reaetion  may  be  eo 
slow  that  it  is,  in  practice,  impossible  to  say  whether  it  is  actually  procewling  or  not. 

The  remark  may  be  madu  hero,  that  the  nuiuhei  of  reactions  kiu>wn  to  be  capable  of 
oatalytie  acceleration  is  vety  large  aiid  inerossinu  every  day. 

Discu'^sion  of  the  mcrhanitm  «  ostalysis  will  beet  to  deferred.  It  is  probably  of  a  diffsreot 

nature  in  (li  lie  rent  cases. 

Before  passing  on  to  tlie  wubject  of  enzymes  prt>j)er,  a  few  words  are  nocessai^ 
with  respect  to  reversible  reaction9  in  relation  to  catalysis. 

In  the  example  chosen  to  b^in  with,  namely  that  of  the  aetiion  of  add  on  the 
ester  system,  we  saw  that  the  position  of  equilibrium  is  unaltered  by  the  presMLoe 

of  the  catalyst.  Now  this  position  of  equilibrium  is  due  to  the  simultaneous 
exist^Mv  e  of  the  two  opposite  i-eactions  of  hydrolysis  and  synthesis,  which  are 

procctMiui;^  at  an  etjiial  rat*-  at  this  moment. 

lu  order  tu  see  how  the  actual  ponitiou  of  this  e^iuilibriuni  depends  on  the  relative  rate 
of  two  opposite  reactions,  we  may  take  a  rough  illustration,  which  most  not  be  followed  fa 

too  great  detail.    Suppose  that  two  p^iple  start  to  walk  towanl.<?  one  another  from  two  Histant 

g laces.  Where  they  meet  will  clearly  depend  on  the  relative  rates  at  which  they  walk, 
upposing  that  their  rates  are  the  same,  they  will  meet  half  way  between  the  places  from 
whi -h  ihev  start.  Imagine  that  one  of  them  is  excited,  "catalysed,"  so  that,  instead  of 
walkiau,  lie  runs.  Ho  will  meet  the  other  man  before  he  has  taken  manv  steps  from  home. 
It  is  also  obvious  that,  if  one  ran,  the  only  way  by  which  the  two  coulu  meet  at  the  same 
place  ("e.iuiii)>ri<un  puHition")  is  that  the' other  man  runs  also,  and  at  the  same  imtei  He 
must  be  eijuiiily  *  c.italyaed"  in  fact. 

We  see,  therefore,  that  the  catalyst,  acid,  must  act  on  both  the  bydroiytic  and 
synthetic  components  of  the  reactions.   That  this  is  actually  file  ease  hss  been 
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shown  by  experiment;  indeed,  add  is  commonly  used  both  for  hydrolysis  and  for 

r thesis  of  esters  and  otdier  oomponnds.  Another  point,  which  is  illustrated  in 
*  X ample  chosen,  is  that  it  is  not  necessary  that  the  two  men  should  be  equally 
excit«^l  bv  the  same  cause.  If  the  one  ran  faster  than  the  ntlier,  they  would  meet 
at  a  diiiereut  eijuilibriuiii  point.  What  is  important  to  notice  is  that  if  they  meet 
anywhere  except  at  either  extreme  end,  they  must  both  have  been  accelerated.  The 
oonolosion  to  be  drawn  n  that,  if  any  slowly  progressing  reversible  reaction  is  acted 
Ofi  by  a  catalyst,  and  the  equilibrium  position  found  to  be  anywhere  noept  at 
nearly  complete  hydrolysis  or  synthesis,  both  of  these  processes  must  have  been 
accelerated  by  the  catalyst.  In  theory,  therefore,  every  catalyst  is  rapal)le  of  l>()th 
bydrolytic  and  synthetic  action  and,  instead  of  requiring  special  pi-oof  that  an 
enzjrme  is  a  syntuetic  agent,  proof  most  be  demanded  of  any  contrary  statement 
In  the  ca«e  of  the  ester  acted  on  by  lipase,  if  the  hydrolytic  reaction  al<»ie  were 
accelerated,  the  synthetic  reaction,  ijjoing  on  at  its  own  extremely  slow  pace,  would 
not  have  proceeded  to  any  perceptible  extent  before  the  hydrolytic  one  was 
complete.  The  equilibrium  point  would  inevitably  be  close  to  that  of  complete 
hydrolysis,  instead  of  being  somewhere  near  one-third  of  the  distance  from  the 
synthetic  end. 

This  point  of  view  is  particularly  insisted  on  by  van't  Hoff  (1901,  p.  211),  and 

it  is  interesting  note  that,  nt  the  time  of  his  death,  he  was  engaged  in  researches 
on  enzymes  with  regard  to  tiieir  synthetic  action  (Cohen,  1912,  pp.  575-576). 
He  had  already  made  important  advances  in  the  elucidation  of  glucoside 
formation  (1910),  bat,  unfortunately,  never  reached  the  third  part  of  his 
programme,  the  processes  in  the  living  organism.  There  is  a  pathetic  interest 
attacherl  to  these  latest  researches  of  the  great  investigator,  in  that,  as  Ostwald 
says  (1912,  1,  p.  515).  they  were  paid  for  with  parts  of  his  lif©  itself.  A  portrait 
of  van't  Hofif  in  1899  has  been  given  in  Fig.  24. 

There  are,  in  practice,  nmiiy  uai>t;^  vvhete  the  equiUbriuin  uomtiun  ia  ao  iieai  cutuplete  change 
in  one  direction  that  it  is  held  by  some  workers  in  this  field  to  show  sbaemce  of  any  revene 
reaction  whatever.  Such  a  case  is  the  action  of  eniulsin  on  salicin  ;  ev^rt  under  »uch  conditions 
of  cuucentnitioii  that  synthetic  action  would  be  most  favoured,  tlicrc  a{>|>«;art«,  t«j  a 
observer,  to  be  complete  hydrolysis.  Closer  investigation  shows,  however,  that  the  reaction  is 
not  quite  complete.  Both  Visser  (1905)  and  Bourquelot  and  Bridel  (1913)  found  this  incomplete- 
IMS  to  be  the  fact  and  what  is  of  importauoe  U  tliat  both  sets  of  independent  experinteiits 
gave  the  sanie  equilibrium  point* 

This  fact  obviously  means  that^  even  when  accelerated  by  a  catalyst,  the 
synthetic  reaction  is  very  slow,  compared  with  the  hydrolytic  one,  when  emulsin 
acts  on  salicin,  or  its  components.  The  explanation  was  given  by  van't  Hofi 
(1910),  who  pointed  out  that  iialicin  is  the  glueoai<le  of  a  tertiary  alcohol,  that  is, 
of  an  alcohol  which  contains  a  carbon  atom  united  directly  to  three  other  carbon 
atoms  and  witli  its  third  yalency  united  to  hydroxy  I  (see  Bunge'Flimmer,  1907, 
pp.  71-73).   The  group  may  be  illustrated  thus : — 

H0-<5^CH, 

which  is  tertiary  butyl  alcoliol. 

Now,  accordiiu^  to  the  work  of  Men8chutkinj[lb79)  on  esterification,  tertiary 
slcohole  are  very  cnffieult  to  esterify,  and  yan't  Hon  shows  that  the  same  statement 
applies  to  the  formation  of  glucosides.  A  primary  alcohol,  which  ocmtains  the 
group  CH«OH,  on  the  contrary,  is  easily  esterified  or  made  into  a  g]ucc»4ide.  The 
alcohols  of  our  first  experiments,  iso  amyl  and  ethyl  alcohols  and  glycprol,  are  all 
primary,  so  that  the  synthetic  action  is  easy  and  the  equilibrium  j  osition  is  a 
coufuderable  distance  from  both  ends.  The  synthetic  reaction,  in  thot^e  casea 
where  the  equilibrium  point  is  oloee  to  that  of  complete  hydrolysis,  is  one  that  is 
of  inherent  diemical  dufficulty,  and  the  fiusts  given  above  with  respect  to  the 
equilibrium  position  are  thus  to  be  accounted  for.  We  shall  see  later.  hr)wever, 
that  ev«'n  a  small  amount  of  synthesis  is  of  c(^nsi(ierabie  importance  under  9ucb 
Conditions  that  the  product  is  removed  as  fa»t  aii  it  i^  formed. 
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A  point  of  significance,  in  view  of  the  mode  of  action  of  catalysta,  li  that  they 
exercise  a  powerful  action  even  "when  present  in  very  minute  amounis.  Tlil<  is 
not  surpri«iing  when  we  rememlxT  that  thev  usually  reappear  at  the  enfl  of  tho 
reaction  in  an  unaltered  state,  and  are  therefore  ready  for  further  work.  We  have 
already  seen  that  the  position  of  equiUbrium  under  a  particular  kind  of  cataljst  is 
not  a&cted  by  the  amount  of  this  catalyst  prenent.  What  is  observed  is  that 
the  time  taken  to  attain  equilibrium  is  shorter  with  the  larger  concentrati<Mi  <rf 
catalyst.  This  fact  a  useful  criterion  in  deciding  w  hether,  ni  a  particular  cru^-, 
we  have  to  deal  with  a  catalytic  process  or  with  one  in  winch  the  constituents 
enter  into  combination  in  molecular  proportions.  In  the  latter  cu.se,  of  course,  the 
amount  of  product  wOl  depend  on  the  amount  added  of  the  reagent  whose  nature 
we  desire  to  test.  Although  it  is  not  a  matter  for  surprise  that  the  final  efifect  of 
a  catalyst  should  be  independent  of  its  amount,  it  is  striking  to  note  how  very 
minute  are  the  quantities  which  are  able  to  profluce  considerable  results. 

For  instance,  Brode  (1901,  p.  289)  found  that  the  reaction  between  hydrogen  peroxide  aad 
hydriodic  sdd  was  appreciably  accelerated  by  the  presence  of  1  gram<inoleea1e  of  molybdte  acsd 
in  .'i  1.000,000  litres.  Again,  a  prepaDitiun  vi  invfi'tase,  which  yrulwiMy  consisted  only  to  & 
small  percentage  of  the  active  catalytio  a^ent,  was  found  by  O'bulUvan  and  Tompsoa*(  1890) 
to  hyclrulyse  200,000  times  its  M  eight  of  oane*stigar.  These  facts  will  serve  to  impress  upon 
the  rcadt-r  the  point  that  the  amount  of  ch^/nicnl  cnrrgy  which  a  catalyst  is  capable  of 
supplying  to  a  reaction  is  negligible,  and  the  assumption  oaonot  be  used  to  explain  any  oi 
the  phenomena*  This  will  be  referred  to  again. 

iieterogtjuoua  Systems, — We  shall  find  presently  that  the  particular  catalysts 
of  especial  interest  to  ns  are  in  the  colloidal  state.  We  hav^  indeed,  seen  already, 
in  our  first  typical  examples,  that  lipa.se  and  emulsin  act  in  liquids  in  whidi  they 

are  completely  insoluble.  It  is  therefore  necessary  to  consider  briefly  thie 
mechanism  of  reactions  in  systems  of  more  than  one  phase.  The  theory  of  tfK'*e 
reactions  is  due  chiefly  to  Nernst  (1904).  Tliey  may  be  said  to  take  place  in  three 
stages.  Suppose  that  the  catalyst  is  present  in  the  form  of  solid  particles,  and 
that  the  other  oomponents,  which  are  to  be  brought  into  reaction,  are  in  true 
solution.  In  order  that  they  shall  be  influenced  by  tlie  catalyst,  it  is  obviously 
necessiar}'  that  thev  shall  diffuse  to  it,  since  it  is  nut  rmiftjrmly  distribnte<l  through- 
♦^>nt  the  system.  The  rate  "f  dijfusio7i  is  the  jlr.^(  factor.  If  these  solutes  lower 
surface  energ}',  as  practically  all  solutes  do,  they  will  next  be  concentrated  by 
adsorption  at  the  interlaee  Mtween  tiie  catalyst  and  the  solution.  AdtarfUon  is 
the  teeond  stage.  The  third  sta^  is  the  chtmical  reaction  proper.  It  is  clear 
that  the  increased  concentration  on  the  surface  will,  in  itself,  hasten  the  reaction 
by  mass  action,  and  this  was,  in  fact,  the  explanation  suggested  by  Faraday 
(1839,  1,  p.  184)  for  the  effect  of  platinum  in  causing  combination  of  oxygen  and 
hydrogen.  Whether  all  cases  of  heterogeneous  catalysis  can  be  explained  on  these 
lines  is  doubtful.  In  certain  cases  of  catalysis  in  homogeneous  systems,  as  we 
shall  see  later,  there  is  an  intermediate  compound  formed  between  the  eatal3rst  and 
the  reagents ;  but  it  is  certain  that  this  does  not  apply  to  all  cases ;  indeed,  it 
appears  to  be  exceptional. 

Faraday's  views  on  the  poesibihty  of  the  close  approximation  of  oxy^^en  and  hydrc^en  on 
the  snfface  of  platintam  beinff  sufficient  to  cause  their  molecules  to  enter  into  commufttmi  led 

to  a  lon^'  (liFC\ission  with  De  Ta  Riw,  who  held  that  there  is  an  intermediate  formation  of  K>me 
oxide  ot  platinum.  With  our  knowledge  of  Faraday wonderful  insisht  into  the  raechaniuu  cl 
natural  pnenomena,  we  may  well  be  inclined  to  think  that  be  was  moet  likely  on  the  right  side  in 
this  ca«e.  Kohh  cuisch  reniarked,  "  Er  riefht  die  Wabrbeit,"  '* he  smells  the  tratii'*  {see 
Tynilall's  "Faraduy  m  a  l>i80overer,"  1870,  p.  oH). 

In  the  discussion  of  this  qoeetion,  it  is  to  be  remembered  that  there  is  reaaon  to  beUeve 
that  it  is  (luring  the  a'  tual  proce««  of  condensation  itself  that  the  molecular  stresses  result  in 
unubual  chewi'  JiI  ucti\  !ty  (httj  HanlyV  note  to  the  paper  by  Druiy,  1914,  p.  175). 

In  all  heterogeneous  reactions,  the  rate  of  the  reaction,  as  measured,  is 
naturally  that  of  the  slowest  member  of  the  series.  Adsorption  is  a  i-apid  process, 
when  the  substances  are  in  contact,  so  that  the  rate  of  the  reaction  will  be  either 

that  of  <nffusion  or  of  the  chemical  component  of  the  reaction.    When  the  catalyst 

is  in  colloidal  solution,  the  length  of  the  way  to  be  passed  over  by  diffusion  is  veiy 
short,  since  the  active  substance  is  almost  uniformly  distributed  ;  so  that  the 
cliemical  reaction  itself,  unless  of  great  rapidity,  controls  the  rate  of  the  whole 
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process.    When  a  metal  in  maai  ia  immened  m  aoid,  the  di£fttii<m  pvooest  is  dower 
than  the  chemical  reaction. 

^hen  one  substance  is  adsorbed  on  the  surface  of  another,  it  does  not  follow 
ut  necessity  that  any  chemical  reaction  will  occur.  Aniline  on  the  surface  of 
mercnry  in  Lewis'  experiments  (1910,  3)  may  be  given  in  illustration.  When 
cbemieal  leaction  does  occur,  the  rate  at  which  it  proceeds  is  obviously  controlled 
by  the  amount  adsorbed  at  any  given  moment,  so  that  an  exponential  relation 
between  thf^  concentration  and  the  velocity  U  to  l>e  expected. 

The  mcxle  of  action  of  catalysts^  with  especial  reference  to  enzymes,  will  be 
dibcui:iiie<i  later. 

£2<ZYM£S  AS  CATALYSTS 

We  have  seen  that  certain  substances,  extracted  from  animals  and  plants,  act  in 

a  catalytic  way  similar  to  that  in  which  an  inorganic  compound,  such  as  aind,  does» 

These  substances  are  known  as  "enzymes  "  or  ''ferments." 

In  the  discussion  of  thur  properties,  certain  naroM  will  have  to  be  used,  so  that  the 
terminology  of  the  snbjset  nnat  wst  be  referred  to.  The  ehoiee  of  oorreet  wtwdb  is  really 
more  th&n  a  mere  matter  of  convenience.  If  the  word  use^l  haw  a  meanink',  is  connotative, 
it  <>houkl  tell  us  someUuQg  about  the  thing  named,  although  it  frequently  happeae  that  the 
original  mestiiiig  beoomes  ranged  as  knowledge  increases.  As  often  pointed  oat,  the  progress 
of  a  sf  itnce  dopeii<ls  much  on  the  language  used  in  the  deBcription  of  its  phenomena.  It 
is  »  mistake,  however,  to  be  hasty  in  ioTenting  new  names;  more  care  must  be  exercised 
in  attsuunff  certainty  that  tbe  uswasme  is  required  to  deioribe  phsiUNneaa  of  a  new  kind, 
inadequatfify  provirle^l  for  by  asOM  slmdy  in  nee.  Nomsrous  names,  at  one  time  thoai^t 
necessary,  have  dii>aj)i)eared. 

As  various  substances  were  extracted  from  organisms,  and  the  simiUrity  of  the 
action  of  these  sul^tances  to  that  of  alcoholic  fermentation  becune  obvious,  it  was 
natural  to  call  them  ''ferments.'*  And  when  Oagniard  de  Latour  (1838)  showed 
that  alcoholic  fermentation  was  due  to  a  living  organism,  substances  such  as  fhe 
"diastase,"  precipitated  by  Payen  and  Persoz  (1S33)  from  extracts  of  malt,  were 
distinguished  as  "  soluble,"  "  unorganised,"  or  *'  unformed  "  ferments  from  "  living," 
"organised,"'  or  "formed"  ferments.  In  process  of  time  some  confusion  was 
caused  by^  this  double  use  of  "ferment,"  so  that  Kuhne  (1878,  p.  293)  thought  it 
well  to  introduce  a  new  name  for  the  soluble,  or  unoi^ganised  ferments.  The 
passage  is  sufficiently  interesting  to  be  translated  here : — 

"The  latter  designations  (formed  and  unformed  ferment.s)  have  not  gained 
general  acceptance,  since  on  the  one  hand  it  was  objected  that  chetnical  bodies,  like 
ptyalin,  pepsin,  etc.,  could  not  be  called  fermentii,  since  the  name  was  already 
given  to  yeast-cells  and  other  orgimimns  (BrQcke) ;  while,  on  the  other  hand,  it  was 
said  that  yea8t*cells  could  not  be  called  ferment^  because  then  all  organismSi 
including,'  man,  would  have  to  be  so  desitrnated  (Hoppe  Seyler).  Witliout  stopping 
to  inquire  further  why  the  name  excited  so  much  opposition,  I  have  taken  the 
opportunity  to  suggest  a  new  one,  and  I  give  the  name  enzymes  to  some  of  the 
wtter-known  substances^  called  by  many  'unformed  ferments.'  This  name  is  not  - 
intended  to  imply  any  particular  hypothesis,  it  merely  states  that  i¥  (vfirj  (in  yeast) 
something  occurs  that  exerts  this  or  that  activity,  which  is  supposed  to  belong  to 
the  class  called  fermentative  Tlie  name  is  not,  however,  intended  to  b<>  limited  to 
llie  invertin  of  yeast,  but  it  is  intended  to  imply  that  more  complex  organisms, 
from  which  the  enzymes,  pepsin,  trypsin,  ete.,  can  be  obtained,  are  not  so 
fandamentiJly  different  from  the  unicellular  oi^anisms  as  some  people  would  have 
ui  believe." 

On  account  of  the  important  work  done  bv  Kflhne  in  the  elucidation  of  the 
action  of  enzymes,  I  introduce  his  portrait  in  Fig.  83.  Tlie  name  "enzvrae"  lias 
come  into  general  use,  although  "ferment"  in  ntiW  to  be  met  with  as  synonymous 
with  it;  while  the  application  of  this  name  "ferment"  to  living  organisms  has 
dropped  ont  of  use. 

Enzymes  may  be  shortlv  defined  as  the  catalysts  produced  by  living  organisms. 
If  we  grant  that  the  suV>staiice.s  known  by  the  name  are  a  s}*ecial  kind  of  catalysts, 
which  we  have  still  to  show,  it  is  clear  that  the  introduction  of  a  name  for  them 
ii  merdy  s  matter  of  convenience.   At  ik»  same  time,  the  majority  of  tbmn  have 
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certain  incidental  properties  which  distinguish  them  from  the  majority  of  inorganic 
catalysts,  but  this  is  all  that  we  are  justified  in  asserting. 

It  is  interesting  to  note  that  Von  Wittich  (1872)  had  already'  come  to  the  conclusion  that 
pepsin  merely  accelerates  the  action  of  hydrochloric  acid  on  fibrin,  but  it  is  not  quite  cleAr 
whether  he  intended  to  nmke  the  statement  that  enzyme  actions  in  general  are  catalytic 
actions,  although  it  ap|x.>ars  tu  be  so. 

A  name  is  often  wanted  for  the  substance  on  which  an  enzyme  acts.  No 
satisfactory  one  has  been  suggested.  "  Hydroly te  "  excludes  all  processes  except 
hydrolysis,  '*  zymolyte "  applies  only  to  enzymes  and  excludes  other  catalysts,  a 

suggestion  of  difference  which 
is  to  be  deprecated!  "  Sub- 
strate" is  in  very  general 
use  ;  it  is  rather  an  awkwartl 
word  in  English,  but  will  be 
used  in  the  following  pages. 

•  To  distinguish  the  differ- 
ent enzymes,  Duclaux  sug- 
gested adding  the  termination 
"ase"  to  the  name  of  the 
substrate,  thus  "  lactase "  is 
the  enzyme  which  acts  on 
lactose.  Certain  old  names, 
such  as  "pepsin "and  "tr}-p- 
sin,"  are,  however,  still  in  use. 

The  termination — "  lytic  " 
— has  been  used  for  a  class  of 
enzymes  acting  on  a  group  of 
substances;  a  proteolytic 
enz3'me  is  one  that  acts  on 
the  proteins  in  general,  and 
includes  pepsin  and  trypsin. 
Armstrong  (1890)  has  justly 
pointed  out  that  "proteo- 
lytic," in  analogy  with 
electrolytic,"  should  mean 
decomposition  by  means  of 
protein,  not  decomposition  of 
protein  itself.  To  avoid  this 
misuse,  the  termination 
"  -clastic  "  was  suggested,  and 
I  will  attempt  to  make  con- 
sistent use  of  it. 

A  recent  unfortunate  intro- 
duction of  "esie"  as  a  termination 
for  an  enzyme  which  acts  syn- 
thetically only  has  been  shown  to 
be  unwarranted  (Bayliss,  1913.  1) 
and  neetl  not  concern  us  further. 

We  have  seen  that  Berzelius  himself  placed  the  substances  which  we  now  call 
enzymes  in  the  class  of  catalysts.  Apart  from  theoretical  interest,  it  is  of  some 
practical  importance  to  know  what  kind  of  properties  may  lie  expected  to  be 
shown  by  a  substance  supposed  to  be  an  enzyme. 

The  only  really  essential  prajterty  of  a  catalyst  is  that  it  changes  the  rate  of 
a  reaction,  including  the  starting  of  one  which  does  not  appear  to  procee<l  of 
itself,  and  without  entering  as  a  constituent  into  the  final  chemical  equilibrium. 
There  are  certain  other  properties  usually  present,  but  not  essential,  although 
they  are  sometimes  of  assistance  in  deciding  the  nature  of  particular  cases.  We 
will  now  proceed  to  inquire  how  far  enzymes  satissfy  the  above  conditions. 

It  may  be  useful,  first  of  all,  to  mention  a  few  typicaJ  enzymes,  rememl^eriug 


Fig.  8.3.    W.  KOhne. 

(Photograph  of  the  Tablet  in  the  Institute 
of  Physiology,  Heidellnjrg.) 
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tliAt  there  am  new  ones  oontinually  being  discovered.    How  £sr  meny  of  these 

nc^  ones  are  really  such,  and  not  new  capabilities  of  old  enxymes,  may  sometimea 
be  a  matter  of  duubt.  In  tlie  f(»llowing  list,  the  name  of  the  appropriate 
substrate  is  placed  in  brackets  after  that  of  the  enzyme :  amylase  (starch), 
maltiMe  (maltose  end  a-glucosides),  emnlsin  (jS-glacoeides),  pepsin  (proteins  in 
acid  medinm),  tr3rp8in  (proteins  in  alkaline  medium),  urease  (urea),  arginase 
{arginine),  lipase  (esters),  peroxidase  (organic  peroxides,  including  that  of  hydrogen), 
and  so  on.  inav  also  divide  (^nzvmes  into  clanses  according  to  the  nature 

of  the  chemical  change  acceleruted.  The  majority  add  or  remove  the  element* 
of  water,  and  may  be  called  hydrolydmj  from  the  one  aspect  of  their  activity. 
All  of  those  mentioned  above,  with  the  exception  of  peroxidase^  belong  to  this 
Jjkrge  class.  Those  that  cause  activation  of  oxygen  or  of  hydrogen,  bringing  about 
oxidations  and  reductions,  will  be  dealt  with  in  Chapter  XX.  There  is  another 
class  which  appear  simply  to  break  up  a  complex  molecule,  although  it  is  probable 
that  this  is  done  by  a  series  of  changes,  involving  oxidation,  reduction,  and 
hydrolysis,  as  an  the  case  of  the  symase  system  of  yeast,  oonvertiug  glucose  into 
«loohol  and  carbon  dioxide — 

Whether  an  enzyme  merely  accelerates  a  spontaneous  reaction  it  is  impossibly 
to  state  as  a  general  rule.   But  there  are  certainly  some  reactions  which  proceed 

slowly  by  themselves  and  are  accelerated  by  enzymes :  the  esters  in  water 
may  be  mentioned.  In  other  cases,  the  change,  rapid  under  tbf^  action  of  an 
enzyme,  is,  at  ordinary  temperatures,  too  slow  to  be  detected,  although  it  can 
be  made  to  proceed  at  a  measurable  rate  by  raising  the  temperature ;  the  hydro- 
lysis of  cane-sugar  and  of  salicin  by  water  are  cases  in  point.  When  a  reaction 
can  V>e  maii^  ol  vi  by  heat,  it  is  justifiable  to  Conclude  that  it  is  not  entirely 
abeent  at  ordinary  temperatures. 

In  such  oa«fs  of  sulutions  in  water,  the  qiiMtion  arises  aa  to  -whether  the  spontaneoas 
change  might  be  due  to  the  catalytic  actiuii  of  the  small  quantity  of  hydrogen  and  hydrox^'l 
ioos  lUways  present.  Consideration  will  show,  however,  that,  even  when  a  reaction  i« 
proceeding  under  the  influence  of  one  cAtalyst,  if  it  is  further  accelerated  by  another 
substance,  this  second  is  no  less  an  additional  catalyst;  except  in  those  cases  where  the 
second  sets  by  incnaring  the  activity  of  the  first*  aiMi  is  inaotive  akme. 

A  more  imjportant  point  is  the  question  of  the  relation  of  the  ensyme  to 
the  Jmal  prodieti.    In  some  cases  the  enzyme  has  been  recovered  at  the  end 

of  the  reaction  unchan<;od,  as  the  acid  in  ester  reactions.  In  other  casm  it 
disappears,  partially  or  entirely.  This  disappearance,  however,  h  foniifl  to 
be  due  to  the  instability  of  the  enzyme  itself.  That  it  does  not  form  a  component 
of  the  final  equilibrium  is.  shown  by  the  numerous  experiments  in  which  it  has 
been  found  that  the  total  amount  of  change  is  independent  of  the  amount 
of  enzyme  added,  which  would  be  impossible  in  the  other  case.  A  series  of 
curves  iHnstrating  this  fact  will  be  found  in  my  monograph  (1919,  1),  which 
shows  also  how  the  jate  of  the  change  depends  on  the  amount  of  the  catalyst. 
Another  case,  using  the  synthetic  aspect  of  the  action  of  emulsin,  ib  given  in 
Fig.  84  below. 

If  the  enzyme  formed  a  component  of  the  final  equilibrium,  the  position  of  this  * 

equilibrium  would  be  altered  by  mass  action  if  more  enzyme  were  added  after 
its  attainment.    This,  in  point  of  fact,  does  not  happen  (Bayliss,  1913,  p.  246). 

Certain  views  aa  to  the  attainment  of  what  has  been  called  a  "  false  equilibrium,"  in  which 
the  final  result  appear*  to  be  in  proportion  to  the  concentration  of  the  enzyme,  will  be  found 
dificuBsed  in  a  paper  by  mv»elf  (1913).  It  will  sutfiee  to  say  here  that  careful  examination 
oi  the  experimental  facts  sliows  that  they  do  not  compel  us*  to  make  an  assumptioa  of  this 
kind,  ana  are,  for  the  meet  part,  to  be  acoonnted  for  destraction  of  the  enzyme  before  it 
hai^  had  time  to  carry  the  reaction  as  fur  ns  the  f<|uihl'riiun  position.  Xaturallv,  the  more 
enzyme  is  present  at  first}  the  faster  the  reaction  proceeds ;  and,  moreover/  it  will  be 
longer  before  the  whole  of  the  ensyme  has  disappeared. 

The  fact  that  the  position  of  equilibrium  is  found  to  be  the  same  whether 
we  start  from  the  svstem  consisting  only  of  substrate  or  only  of  products, 
is  again  of  considerable  importaaoe  as  r^rds  the  proof  that  we  are  dealing 
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with  a  true  equilibrium  in  a  reversible  reaction  (see  Figa.  80  and  81,  page 

300  above j. 

We  see  then  that  enzymes  are,  beyond  doubt,  typical  catalysts  in  the 
oomparatiTely  simple  cases  hitherto  oonsiderod.  Sinoe^  however,  many  of  the 
reactions  taking  place  in  the  living  organism  under  the  influence  of  enzymea  are 
of  a  complex  chemical  nature,  not  as  yet  completely  nmlerstood,  it  is  not  t  )  Ix^ 
wondered  at  that  we  meet  with  phenomena  which  seem,  at  first  sight,  to  be 
dithculL  to  reconcile  wiih  the  hypothesis  of  catalysis  in  reversible  systems.  We 
shall  presently  meet  with  further  evidence  that,  in  cases  of  enzyme  action  whero 
we  have  all  the  factors  under  control,  the  reactions  obey  all  the  laws  they  would 
be  expected  to  do  on  the  liypothesis  mentioned.  It  appears  to  me  that  we 
are  hereby  justified  in  holding  that  the  nn.rf>  complex  cases,  such,  for  example,  as 
those  where  proteins  are  concerned,  will  oe  found  to  require  no  assumptions 
contrary  to  the  laws  obeyed  in  the  simpler  cases.   In  these  heterogeneous,  colloidal 
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(BayUas,  1913,  p.  a4&) 

systems,  tiie  facts  brought  forward  in  the  preceding  ebaptera  are  sufficient  to 
indicate  what  innumerable  possibilities  of  modification  are  present,  in  the  way 
of  surface  action,  electric  charge,  and  so  on.  It  is  the  work  of  the  future  to 
investigate  the  intervention  of  these  factors  in  the  course  of  the  chemical  reactions 
brought  about  by  the  various  individual  enzymes. 

Certain  inciaental  properties  common  to  inorganic  catalysts  and  enzymes  serve 
to  streogthen  our  position.  The  fact  that  very  minute  quantitieB  are  active  has 
been  mentioned  already :  how  minute  the  really  active  substance  is  in  the  case  of 
enzymes  we  do  not  know,  owing  to  the  diHiculty  of  preparing  them  in  a  chemically 
pure  .state  from  the  complex  mixtures  in  which  they  are  found. 

In  the  defiuition  of  enzymes,  we  Bumetimes  find  the  i^ualificationa  intruduoed  that  thej  4ra 
ccitoidal,  specific  catalysts  destroyed  by  heat  [E.  F.  ArmHrong  (1913)1.  It  is  true  that  th« 
Bubstances  which  we  separatf  as  active  enzymes  are  ])raeti<  ally  all  in  the  colloidal  state,  hut 
we  are  not  certain  that  this  state  is  necessary  to  their  activity-  in  all  cases.  As  to  spec}^ 
nature,  the  oiroumttanM  that  a  particular  catalyst  acts  on  a  limited  class  of  tabetrates  is  not 
peculiar  to  those  produced  bv  living  nrgaiii-nis  ;  some  inorganic  catalysts  are  very  6p«oifio 
aa,  tor  example,  tuD|»tio  acid  is  apowertul  catalyst  tor  the  o.xidation  of  hydriodio  acid  bj 
hydroetu  peroxide,  out  not  for  its  oxidation  by  persulpbatee  or  by  hrouuo  acid.  On  the 
other  haod,  some  ensymes  are  not  particularly  specific,  emoliiii  acts  on  the  whole  series  of 
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^'glucosides,  which  are  almost  iimmnerablti  in  number,     ^me  investigators  seem  to  be 

Srex»^ir>Hi  to  poetnlate  a  separate  enzyme  for  each  gluooeidft.  This  qnestton  requires  more 
etttiled  diecuseion  in  a  later  [xige. 

As  to  the  action  of  the  sensihilitv  of  enzymes  varies  considerablv,  accorfliiif; 
to  the  conditions  preijcut.  Ajs  a  rule,  tliey  are  coagulated  or  preeijutated  by  heat, 
but  in  some  cases  tlie  enzymes  seem  to  be  mereJy  carried  down  by  adsorption  or 
changed  in  their  physical  state,  reversibly.  In  practice,  however,  this  prupei*ty  is 
frequently  useful  in  deciding  the  nature  of  a  particular  agent.  If  the  action  is 
stopf»ed  by  moderate  heat,  say  up  to  that  of  boiling  water,  it  is  almost  certainly 
fine  to  an  enzynie  or  to  the  action  of  livini;  protoplasm,  using  this  latter  name  for 
the  present  aa  a  cloak  for  ignorance.  To  distinguish  an  enzyme  action  from  it,  use 
is  made  of  onlwqDlica,  whidi  have  a  more  powerful  action  on  what  we  call  "  vital 
activity"  than  on  that  of  enzymes.  But,  again,  the  distinction  is  one  <tf  degree 
only,  some  enzymes  are  very  sensitivt^  to  antiseptics,  others  not;  the  difference 
proKibly  depends  on  complexity  (»f  structure.  Invertase  is  comparatively 
in.sfnsitivo,  zymase  is  very  sensitive.    Meyerhof  (1913  and  finds  tlie  in 

hibiting  effect  of  indifferent  narcotics  on  enzymes  to  be  completely  reversible,  and 
interprets  it  as  being  due  to  the  driving  off  of  adsorbed  substrate  by  the  more 
atrongly  adsorbed  narc  jtic.  We  shall  see  later  that  preliminary  adsorption  is  a 
phase  in  the  action  of  enzymes. 

may  take  it,  then,  that  enzyuies  are  a  syx'cial  c  la^^s  of  cataly>ts  ;  this  being 
SO,  their  function  is  to  odUr  the  rate  of  reactions.  The  factors  involved  in  the 
vidoeity  with  which  a  reaction  takes  place  have  been  incidentally  dealt  with  to 
some  extent,  but  it  may  be  well  to  spend  a  little  more  time  on' the  question,  aa  it 
affects  catalytic  action  especially. 

VELOCITY  OF  REACTIONS  ' 

When  one  large  molecule  is  undergoing  the  process  of  being  divided  up  into 
smaller  ones,  spontaneously,  or  undt*r  the  action  of  a  catalyst,  tliere  is  no  dirticulty 
in  seeing  that  the  number  of  molecules  split  in  a  given  time  is  proportional  to 
those  present. 

This  is  the  law  of  mass  action  in  its  simplest  form.  The  history  of  this  law, 
which  is  the  foundation  both  of  chemical  statics  and  dynamics,  wul  be  referred 
to  below,  under  the  head  of  equilibrium. 

If  G  is  the  concentration  at  the  time     then  ^  is  the  velocity  of  change 

during  so  short  a  tune  thai  the  rate  doe.s  not  alter,  and,  according  to  the  law 
of  mass  action, 

dC 

where  A:  is  a  constant,  varying  with  eagh  individual  case  and  known  aa  the  velocity 

constant. 

In  order  to  use  this  equation  for  any  practical  purpose,  it  rnu«t,  of  course, 
be  integrated,  so  that  the  change  during  a  measurable  time  can  be  investigated. 
The  reaaer  will  note  that  we  have  another  case  of  the  compound  interest  law," 
and  the  simplest  form  of  the  integral  is 

*-7-^-r  log.  ^. 

where  Cj  -  and      are  the  concentrations  of  the  molecule  undergoing  change, 
and      are  the  tmies  after  the  commencement  of  the  reaction  at  \vhi(  h  the 
concentrations  are  found  to  be  Cj  and  C,.   This  is  known  aa  a  tmimoUeulaar 

reaction. 

It  ia  obvious  that,  in  practice,  any  quality  of  the  sobstance  concerned  which  is  a  mathe- 
matical function  of  its  eoncentnitioii,  such  aa  electrical  eonductivity  or  optical  rotation,  can 
be        to  rspreient  C,  provided  that  it  is  known  what  function  of  the  ooucentration  this 

quality  IS. 

Let  us  .take  a  step  further  and  suppose  that  the  reaction  is  one  in  which  two 
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motoeiiles  oombiiie  tqgpether  to  fonn  one  or  more  different  ones.  This  u  a 
(tmo/eeuXor  reaction,  since  the  change  of  oonoentratton  of  two  molecnloa  must'  be 

taken  into  account.    What  is  tiie  law  here  ?   Take  for  a  moment  the  kinetic  point 

of  viVw  and  suppose  tliat  we  inci-ease  the  concentration  of  the  one  reacting 
cumpouent,  A,  and  leave  the  other,  B,  intact  \  the  rate  is  clearly  proportional  to 
(A),  using  brackets  to  express  concentration,  since  the  number  of  times  that  a 
molecule  of  B  meets  with  one  of  A  is  proportional  to  the  number  of  A  to  be  mel 
with  in  a  given  space.  Suppose  that  we  increase  (B),  leaving  (A)  alone,  then  the 
tniniber  of  times  collision  taken  place  is  proportional  to  (B) ;  therefcire,  if  both  are 
rhaiige<J,  the  velocity  of  the  reaction  is  proportional  to  the  product  of  the 
concentrations  of  the  two  molecules,  or 

In  practice,  most  cases  of  bimolecular  reactions  can  ixj  snnpiitied  for  inte^ratiDn, 
since  the  concentration  of  A  and  B  can  be  made  to  change  equally.  lo  the 
saponification  of  esters,  say  ethyl  acetate^  by  sodium  hydroxide,  the  equatioa  is:— 

where  a  and  h  are  the  initial  concentrations  of  ester  and  alkali,  and  «  is  the 
amount  of  sodium  acetate  produced  in  the  time' I.  If  equiralent  quantities  cf 
ester  and  alkali  are  taken,  this  equation  becomes 

dices 

since  a»6.   The  tntqpral  of  this  equation  is 

1  a? 
*"r<i(a-af)' 

Hydrolysis  of  Cane-Sugar  hy  Acids. — This  process  can  clearly  be  expressed  at 
a  unimnlecular  reaction,  since  it  is  c<>m]>h'tclv  accounted  for,  as  regards  itfi  rate, 
as  the  chanire  of  concentration  of  the  one  kind  of  molecule,  cane-sugar.  Applying 
the  formula  to  it,  it  is  found  that  the  constant  k  is  the  same  at  all  stages  of 
the  reaction.  Indeed,  as  mentioned  before,  the  determinaticm  of  this  vdocity 
constant  has  been  used  as  a  method  of  determining  the  hydrogen  ion  conceat»> 
tion  of  various  acid  solutions. 

Application  to  Enzymes. — Suppose  that  cane-sugar  is  hydrolysed  by  the  enzYrae 
invertase,  instead  of  by  acid.  What  sort  of  values  of  k  do  we  obtain)  Tbe 
value  of  making  measurements  of  this  kind  in  the  case  of  enmnes  is  that  we 
thereby  obtain  indications  as  to  what  to  look  for  as  causes  of  any  cUTergenoe  fcsnd, 
and  also,  by  the  regularity  of  the  time  course  of  the  divergence^  we  are  able  to 
estimate  the  accuracy  of  the  methcKl  of  experiment  adopter!. 

In  all  cjises  where  we  are  investigating*  the  action  of  an  enzyme  on  a  single 
substrate,  as  in  the  majority  of  hydrolytic  reactions,  we  might  expect  to  find  that 
the  unimolecnlar  equation  is  followed.  In  point  of  fact,  in  the  case  of  iDvertstt. 
if  we  calculate  the  velocity  constant  by  the  unimole<  ular  formula,  we  And  that  it 
steaflilv  rises  as  the  reaction  proceeds  ;  in  a  particular  case,  from  0  0005S  to 
U  0O097  (Victor  Henri,  190o,  p.  55).  Taking  other  enzymie  actions,  we  fiini,  <in 
the  contrary,  almost  invariably,  a  decrease  in  the  value  of  k.  E.  F.  Armstrou^ 
(1904,  1,  p.' 506)  found  it  to  fall  from  0*0640  to  0  0129  in  the  case  of  lactasa 

We  may  now  proceed  to  find  what  }K)ssibIe  factors  mi^t  have  the  eti^t  of 
diminishing  the  rate  more  than  it  sliould  be,  by  mass  action,  on  account  of  tb' 
mere  diminution  in  the  TUimber  of  molecules  of  the  substrate^  leaving,  for  tlx 
present,  the  exceptional  case  of  invertase. 

There  are  two  things  to  be  kept  in  mind  with  regard  to  t^is  quesition.  Tbe 
first  is  that  there  is  every  reason  to  suppose  that  all  the  reactions  with  wluch  «• 
are  dealing  are  reversible,  and  that  there  are  two  opposite  reactions  proceeding 
«imnltnneoimly,  so  that  the  net  result  ob<?erverl  in  any  experiment  is  the  difference 
between  the  rates  of  these  two  reactions.    Suppose  that  our  reaction  is  the 
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hydrolysis  of  a  substrate  into  simjjler  molecules.  As  the  equilibrium  position  is 
•pproMsbed,  the  opposing  synthetic  reaction  beconies  moip  and  more  marked  by 
uiASH  action  of.  the  increadng  products  of  hydrolyais,  and,  at  the  equilibrium 
pf)sition,  liecomes  equal  in  rate  to  the  hvfliolytic  one.  It  is  unnecessary  to  remind 
tho  rt'.vler  that  what  Ls  spoken  of  here  is  the  actual  rate,  that  is,  tlie  total 
amount  ot  change  in  a  given  time,  not  the  velocity  constant^  which  is,  of  course, 
independent  of  the  active  maaaea. 

Under  the  conditions  in  which  most  enzyme  experiments  are  made  in  vUrOt  the 
eqnitibriam  position  is  so  near  that  of  complete  hydrolysis,  owing  to  the  excess  of 
wftt«»r  present,  that  thf  synthetic  reaction  is  to<^  !?m.ill  to  exorcise  any  very 
pen  t^ptible  influence,  so  that  otlier  causes  for  the  slowing,'  of  hytliolysis  nnist  be 
sought  for.  When  the  conditions  are  sucli  that  the  synthetic  reaction  is 
considerable,  as  in  the  cases  of  lipase  and  emulsin  quoted  at  the  beginning  of 
this  chapter,  the  reversibility  of  the  reaction  plays  an  important  juut.  Fig.  80 
(pnu'e  300)  shows  how  the  hydrolytic  reaction  in  the  case  <^  lipase  is  favoured  by 
the  presence  of  water. 

The  second  thing  to  be  considered  is  that  the  rate  of  a  catalysed  reaction  is 
dependent  on  the  concentration  of  the  catalyst.  If,  then,  anything  happens 
during  the  course  of  the  reaction  which  diminishes  the  amount  of  enzyme  present, 
either  actually,  by  destruction,  or  effectively,  by  paralysing  its  activity,  the  result 
will  1)6  a  progressive  dimintition  in  the  rate  of  the  reaetion.  We  note  that  this 
disappearance  of  enzyme  may  l>e  irreversible,  wlien  there  is  actual  destruction,  or 
reversible,  when  it  is  merely  removed  from  the  sphere  of  action,  either  by 
temporary  paralysis,  caused  by  the  products  of  the  reaction,  or  by  adsorption  on 
the  surface  of  some  substance  present  in  the  aystem,  as  is  the  case  with  many 
of  the  so-called  "  anti-ei»zym€$.'^ 

It  is  wt'll  t-o  mention  ht-ru  tli.U  (he  particular  ojise^  whicli  are  iHed  in  the  foIIowiiiL'  ])j"i'.;"e3 
for  iUuatrative  purposes  are  not  to  be  taken  by  the  reader  oa  the  only  ones  ot  the  kind  kuov.  u. 
Nttmerom  others  will  be  found  in  my  monograph  (1919,  1).  ^ 

We  Mill  take  hrst  the  question  of  the  actual  destruction  of  enzyme.  A  .solution 
of  any  enzyme  is  found  to  lose  its  activity  if  kept.  This  is,  in  great  part,  due  to 
the  complex  colloidal  state  of  these  substances.  The  rate  of  this  loss  of  activity 
varies  very  much  according  to  the  individual  case,  and  is  accelerated  by  rise  of 
temperature.  The  time  course  of  tlie  process  was  invpstii;ate«l  by  Tammann  (1892,  2) 
in  the  case  of  enmlsin.  In  the  presence  of  bubstralc  the  rate  of  destruction  is 
much  decreased  (Baylias  and  Starling,  1903  ;  Vernon,  1904),  although  not  entirely 
prevented.  This  protective  action  of  substrate  has  been  ascribed  to  chemicsl 
combination  with  the  enzyme.  Without  denying  that  this  may  sometimes  occur, 
I  have  found  that  mere  atlsorjitiuii  (Bayliss,  1011,  1)  by  charcoal  is  protective  in 
the  case  of  trypsin,  and  there  is  no  proof  that  tliis  may  not  be  the  general 
explanation.  ^ 

With  very  low  concentration  of  enzyme,  even  in  the  presence  of  substrate,  activity  has 
been  t(  lund  to  disappear  before  completion  of  the  reaction  ( Tanimann,  1892,  2,  and  Bayliss,  1013, 1 , 
tk  24$J ;  this  fact  ha«  led  to  certain  erroneous  Btatetnenu  with  regard  to  "/o/m  egui/i&ritait." 
On  the  other  hand,  experiments  made  for  the  pm  p^xsc  i  Bayliss,  1904)  have  shown  that,  in  the 
ci-c  of  trypsin,  there  is  no  detectable  loas  during  \  te\r  hour^i,  ahiion^Ii  tlie  velocity  constant 
has  diniinished  oonaiderably.  The  spontaneous  deatruction  of  eu2yme  is,  therefore,  not  the 
sole  cauie  of  the  deereoee  in  activity. 

Jievemihle  Inactxvation. — It  is  found  by  experiment  that  tlie  addition  of  certain 
•ubstanceSi  amongst  which  are  to  be  found  the  products  of  the  reaction  itself  in 
a  kxge  number  of  enzymic  reactions;  has  a  great  efifect  on  the  activity  of  enzymes. 

This  action  is  brought  about  in  several  diflFerent  ways  : — (1)  Enzymes  are  colloids, 
and  therefore  liable  to  aggregation  or  precipitation  by  a  ^arietv  f»f  airents. 
Emulsin  is  precipitated  by  benzaldehyde,  so  that,  e%'en  in  the  small  quantities 
produced  in  the  course  of  tlie  hydrolysis  of  amygdalin,  it  is  probable  that  a  certain 
degree  of  aggregation  and  diminution  of  active  surface  m  produced.  We  have  seen 
(page  301)  that  enzymes  act  by  their  surfaces,  and  further  evidence  will  be  given 
presently.  (2)  Most  enzymes  are  extraonlinarily  sensitive  to  changes  of  hydrogen 
ioa  concentration.    This  is  a  common  property  of  the  colloidal  state  and  points 
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to  the  iotenreiitioii  of  eleetrical  chai^ge.   Hie  digfat  diminatioii  in  hrdrogeD  km 

ooncentration  caused  by  the  addition  of  bI(»od  serum  is  saffici^t  to  bring  about 
great  retardation  in  the  action  of  emulsin  (Bayliss,  1912,  2).  Try|»in  ig  inactive 
except  in  slightly  alkaline  reaction,  and  there  i«?  a  particular  narrf)w  concentration 
of  hydrogen  ion  in  which  it,  as  indeed  enzymes  in  general,  are  most  active.  Now 
it  has  been  shown  by  Brailsford  Robertson  and  Schmidt  (1908-9)  that,  during 
the  course  of  a  digeatioD  by  trypein,  there  is  a  progreedve  increase  of  hydrogen 
ion  concentration,  or  diminn1»on  of  hydroxyl  ion,  due  to  the  pn>duction  ol 
amirm-HciMs,  which,  combining  with  the  free  nlWa]i  originally  added,  diiuinish  the 
alkaimiiy,  and  thus  retard  the  action  of  the  enzyme  jii  ne  and  more  as  the  ruction 
goes  on.  It  is  found,  indeed,  that  the  addition  of  ammo-acids  has  a  powerful 
^lect  in  slowing  trypsin  digestion. 

An  obMrvation  that  has  pvobably  be«n  made  by  many  workers  with  trypsin  Is  tiMrty, 

piipjxjsing  that  one  starts  a  iliL't- ti-  ti  of  caseinogiii  with  trypsin,  adding  only  the  optimal 
aniuunt  of  alkali,  after  a  week  or  two  in  the  incubator  one  mids  that  the  digest  is  distinctlj 
add  to  litmoa.  sod  the  lateof  actioa  oao  then  be  made  toinerawe  by  additkm  of  sMte  alkali, 

A  reaction,  tiien,  can  be  caused  to  proceed  more  rapidly  by  •removal  of  the 

products,  as  was  pointed  out  by  Kronecker  (1874),  and  tins  resun  is  due,  not  only 
to  reversibility,  but  also  to  the  fact  that  the  products  are  more  or  less  toxic  to 

the  ^^uzvme  itself. 

Ah  Hoiild  l)e  expected,  the  seneibility  of  enzymes  to  various  aubetanoca  is  much  greater 
than  that  met  with  in  ordinary  chemical  reaotiooe.   It  is  held  by  tome  iuTestigaton  that  there 

is  a  sjH-cial  "a!Twiit>  "  of  each  enzyme  for  certain  products  i  f  it  liotion,  in  that  the  rate  of 
change  is  aflectttl  nioi  e  \>y  these  than  by  other  related  substanteH,  Thus,  E.  F.  Armstrong 
(1901,  2)  foimd  that  fructose  retards  the  action  of  inrvert^ne  more  than  the  oorrespondinff 
concentration  of  glucose  does,  and  the  statement  is  made  that  iiirertasc  is  "controlled" 
by  fructoee.  The  fact,  however,  that  fructose  also  "controls"  the  actiou  of  maltase  more 
than  i^ttooae  does  (Philoche,  1908,  p.  243),  although  it  la  not  a  constituent  of  the  syst^ 
concerned,  Bugg<?stfi  tlmt  the  relationship  is  not  one  of  a  chemical  nature  between  the 
constitution  of  the  enzyme  and  uf  itu  eubetrate.  The  excessive  sensibility  of  enzvmeg  to 
acidity  and  to  some  inorganic  salta  warna  us  that  great  caution  must  be  exercised  in  the 
interpretation  of  results  of  this  kind-  Bourcjuelot  (1913,  2,  p.  3)  finds  that  the  hydrolj^siis  of 
arbuUn  is  retarded  by  hydroquinone,  but  not  that  of  ealicin.  Hence  the  action  is  not  on  the 
enzyme  itself,  and  incresse  of  the  reverse  reeetion  is  suggested* 

The  MedercUion  of  rate^  in  the  course  of  the  action  of  invertase,  is  probaUy 

due  to  the  production  of  some  substance  in  small  amount  which  increases  the 
activity  of  the  enzyme.  Acid  dtx's  this,  and  it  lias  }>een  stated  that  an  acid  i< 
produced  in  nmaH  quantities  during  the  action  of  iuvertaiie,  and  it  may  perhaps 
be  levulinic  acid.  6o  far  as  I  am  aware,  no  meaanrements  of  the  hydrogen  ion 
concentration  during  the  reaction  have  beeoi  made. 

There  is  a  certain  similarity  between  this  production  by  an  enzyme  of 
substances  which  affect  its  own  activity  and  the  process  callwl  by  Ostwa'  ? 
**  Autocalidysia  '  (1902,  II.  (2),  pp.  263-266).  In  the  first  liiuntration  at  tiic 
beginning  of  the  present  chapter  we  saw  that  the  spontaneous  hydrolysis  of 
methyl  acetate  in  water  la  greatly  accelerated  by  the  addition  of  acid.  Kow 
in  the  hydrolysis  itself,  free  acetic  acid  is  formed,  whkSn  must  act  as  a  catalyst, 
although  not  a  powerful  onf.  Moreover,  it  increases  in  amount  by  its  own 
activity,  so  that,  if  we  deK  ruunc  the  velocity  constant  at  different  times,  we 
find  that  it  increases  at  a  greater  and  greater  rate. 

In  an  experiment  of  this  kind  which  I  performed,  at  the  beginning  of  the  reaction  the 
vtlocity  constant  was  49  x  10"',  in  nineteen  days  it  had  risen  to  5ft3  x  10-',  and  in  fortj-two 
days  to  1,498  x  10-''.  In  half-normal  hydrochloric  acid,  it  was  initially  1,000  times  that  in 
water  and  equilibrium  was  reached  in  aoout  six  hours,  so  that,  if  there  were  no  autocatalrsis 
in  wattT  the  attainment  of  e<iuilibriuin  would  have  taken  6x  I. *){]()  hours,  or  400  day^.  This 
fact  may  assist  the  reader  to  realise  how  alow  the  spontaneoua  reaction  is,  and  how  iin{>oesible 
it  is  for  the  cqaililiffiiiin  podtion  to  be  mialtered  by  aeid  unless  the  eatslyrt  aooelersted  hoiix 
the  hydrolytic  sod  iiyiitbetic  rcactiotiB. 

Perhaps  a  few  more  details  will  be  useful  with  regard  to  the  phenomenon 
of  autocatalysis.  Wlien  the  curve  of  a  reaction  of  this  kind  is  plotted  with 
time  as  absci^sje  aixl  actual  rate  of  change  as  ordinates,  it  is  found  t"  have 
an  8  shape.  The  rate  is  slow  at  first,  becomeii  quicker  and  then  slows  agam. 
This  course  is  typical  of  autocatalysis  and  is,  obviously,  due  to  the  deficiency 


Digitized  by  Google 


CATALYSIS  AND  ENZYMES 


515 


of  catalyst  at  the  beginning  and  deficiency  of  substrate  at  the  end ;  tlie  latter 
fact  causes  diminution  in  rate  by  mass  action.  The  rate  of  the  reaction,  as 
m^ured  by  the  .amount  of  ester  liydrolysed  in  unit  time,  must  not  be  confused 
vitb  the  vdociiy  consiani,  which  ipewMeo  iteadily  thronghout. 

The  diffisrenoe  between  true  antocatalyBiB  and  the  eroct  an  etayvam  deeeribed 
above  is  that,  in  the  former  pro<^s8,  the  actual  quantity  of  the  catalyst  is 
i'tprrd,  positively  or  negatively,  whereas  in  the  Ifitter  the  enzyme  causes  the 
ijnxiuction  of  substances  which  act  upon  itself  in  a  i^imilar  positive  or  negative 
way,  the  effect  increasing  more  and  more  as  the  reaction  progresses,  so  that 
the  change  of  eoncentratioii  of  the  catalyst  is  not  aetoal  but  omy  effiwfeim 

We  now  consider  the  effect  of  different  wnMntratioru  of  enejftiM  aa  added 
iatantiooauy  at  the  beginning  of  the  reaction.  A  practical  point  of  some  import- 
ance may  appropriately  be  mentioned  here.  As  Bredii^  p<<irits  oiit  (1902,  p.  1B7), 
ID  comparing  the  results  of  the  action  of  enzymes  under  dilierent  conditions  or 
ooDoentrationS|  we  ought  to  compare  the  reactions  at  (he  same  stage,  since,  in  this 
way  only,  can  we  be  certain  of  having  the  same  proportion  of  rabetrate  and 
pnxiacts,  and,  moreover,  if  the  reaction  goes  in  etageo,  we  should  otherwise  obtain 
very  false  information.  What  we  must  compare,  then,  are  the  ttmea  taken  to 
eflbet  equal  changes,  not  the  changes  produced  in  the  same  time. 

In  practice  thi«  is  most  conveniently  done  by  taking  aeriea  of  measurementa  and  plotting 
them  aa  curves.  If  amounts  of  change  are  made  ordinates  and  time  abacisMe,  a  horizontal  kue 
dmvn  to  oat  all  tho  oorroo  at  tho  otogo  deoirod  will  give  the  tiaio  vahaoo  reqaind* 

What  ia  always  found,  except  when  tiiere  is  very  little  enrjrme  in  proportion 

to  the  substrate,  or  vice  ver^sa,  is  an  obvions  disproportion  between  the  amount  of 
pnzyme  and  its  effect.  This  may  be  seen  in  the  following  table  taken  from  an 
experiment  of  my  own  with  trypsin  and  caseinogen  (1904).  The  first  column 
gives  the  relative  amounts  of  the  enxjme  added  to  the  same  volume  of  substrate. 
The  second  ednmn  gives  the  times  taken  hy  each  to  produce  the  same  amount  of 
change^  measored  by  the  electncal  conductiTitj,  that  is,  the  increase  of  the 
eooeetttiatioii  of  carbofxyl  groaps  (see  page  219  above).  The  third  column  gives 
the  mean  rate  in  each  case,  namely,  the  reciprocal  of  the  time  taken  (multiplied 
by  1,000  to  avoid  long  fractions).  The  fourth  column  gives  a  measure  of  the 
activity  of  the  enzyme  as  obtained  by  division  of  the  actual  rate  by  the  amount 
«leiujme  present,  or,  in  other  words,  it  roproaonte  the  activity  of  equal  amounts 
of  enzyme  when  presiBot  in  diffarent  concentrations,  and  may  be  caMd  "apecifie 
sctivi^.* 


TioM  laktn  for  cqoal 

Mwn  JUm 
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8 
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24 

s 

i 

48 

20-8 

416 

4 

66 

18-2 

4  65 

S 

81 

12*4 

6« 

1 

144 

7 

7 

It  is  obvious  that  the  smaller  qimntities  of  enzymf^  nre  considerably  more 
effective  in  proportion  to  their  concentrations  than  the  kirL;rr  ones  are.  Taking 
the  numerical  values  of  enzyme  concentrations  2  and  4,  for  example,  we  find  tliat 
the  value  of  4,  instead  of  being  double  that  of  2,  is  less  than  this.  Let  ns  soppooe 
that)  instead  of  being  multiplied  by  2,  it  is  multiplied  by  some  root  of  2,  2-"*,  and 
let  us  see  what  values  are  to  be  given  to  a;  to  satiny  the  various  data.  As  a  fir^t 
approximation,  try  x  =  2.  then  the  value  of  enzyme  concentration,  4,  should  be  that 
ot  concentration,  2,  muitiplie<l  by  2^-,  that  is,  12*4  x  1*4  17*4,  instead  of  the 
experimental  value  of  18*2,  a  fairly  satisfactory  agreement.  This  is  in  fact  the 
rais  known  as  the  square  root  taw  of  SchUts  «id  Berissov,  but  Iff©  806  that  it  is 
merely  an  approximation.  If  we  take  difEsvent  stages  of  the  same  experiment,  we 
find,  in  fact,  that  the  value  of  the  exponent  increases  nearly  to  2  towards  the  middle 
of  the  reaction,  but  may  be  very  nearly  unity  at  the  beginning.   In  this  latter  case 
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Uiera  is  lineai*  proportiooality.  It  is  also  differeat  where  the  enzyme  concentratioDS 
atre  iwry  Car  removed  from  one  another,  or  of  high  iralu^  being  smaller  if  we 
compare  conoentrations  of  64,  128,  and  256,  in  arbitrary  nnita,  with  those  <rf  1,  2, 
and  4  in  the  same  units.   Details  of  these  experiments  will  be  found  in  a  paper  by 

myaelf  (1911,  1,  pp.  90-94). 

The  reader  will  probably  notice  at  ooce  that  these  results  are  preei^eiy  what 
we  should  expect  if  the  velocity  were  controlled  by  adsorption ;  it  was,  in  fact, 
this  relationship  which  first  led  me  to  snggest  the  hypothesis  of  adsorption  as 

applying  to  the  ease  (1906,  p.  224). 

It  is  then  impo«?sihlo  to  formulate  a  general  law,  correlating  the  con- 
centration of  enzyme  with  its  activity,  and  capable  of  giving  numericul 
results,  except  one  of  considerable  complexity.  Each  case  must  b 
investigated  for  itself  until  we  know  more  of  the  changes  taking  place 
in  the  colloidal  state  of  the  ensyme  during  the  course  of  tlie  readtioD. 
This  state  is,  no  doubt,  the  cause  of  the  variations  of  the  adsorption  exponent 
which  we  have  met  with ;  it  may  have  any  value  between  one  and  two,  vaitu« 
above  two  are  rare. 

There  are  three  classes  of  sabstances  which  may  nsx.t  be  considered,  since 
they  affect  the  rate  at  which  the  ensyme  acts. 

1.  Electrolytes. — Pepsin  and  trypsin  ate  inactive  except  in  acid  or  alkaline 
solutions  respectively.  Amylase  requires  neutral  salts,  which  have  also  a 
beneficial  effect,  as  a  rule,  on  enzymes  generally  (Bierr)%  1912). 

2.  Co-Mupyifws. — Bertrand  (1S97)  found  wat  the  oxidase  of  Japanese  Iscqoer 
is  ine0foctive  without  the  presence  of  manganese  and  called  this  substance  the 
"coenzyme"  of  laocase.  These  oxidation  systems  will  be  considered  in 
Chapter  XX. 

Magnus  (1904)  discovered  that  the  lipase  of  the  liver  loses  its  activity  when 
dialysed,  but  recovers  it  when  bile  salts  are  added.  It  seems  probable  that  this 
acticHi  is  exerted  on  the  ensyme  itself,  since  it  applies  to  Uie  action  on  aolnUe 
esters  as  well  as  to  that  on  fats,  which  might  be  supposed  to  be  better  emulsified 

by  bile  salts.  Thc^e  latter,  having  so  great  a  power  of  lowering  surface  teusioa, 
are  no  doubt  able  to  bring  about  a  greater  colloidal  dispersion  of  the  eiuyme, 
thus  increasing  its  active  surluce. 

Another  interesting  case  of  a  co-enzyme  is  that  of  aioaholi^  /ermenMion. 
Yeast  juice  contains  an  enzyme,  or  rather  ensyme-system,  "symase,"  which  brings 
about  the  formation  of  alcohol  and  carbon  dioxide  from  sugar.  Harden  and 
Young  (1906)  showed  that  such  juice,  filtered  through  Martin's  gelatine  filter, 
which  keeps  back  the  colloitls,  was  separated  into  two  constituents,  neither  of 
which  was  active  by  it.self,  but  became  so  qd.  mixing  again.  Since  inorganic 
phosphates  increase  the  activity  of  yeast  juice,  it  was  thought  that  they  might 
be  the  co>enzyme,  but  experiments  showed  that  these  alone  were  incapable  of 
restoring  activity  to  the  colloidal  matter  left  on  the  filter,  and  that  it  wfis 
necessary  to  add  boiled  yeast  juice  in  addition.  Both  substances  are  indeed 
required. 

3.  Anii^nzymes, — ^When  a  foreign  protein  is  injected  subcutaneonsly  into  aa 

animal,  some  kind  of  a  neutralising  substance  is  produced.  This  is  known  as  the 
«<  anti  body,"  while  the  injected  sultstanoe  producing  it  is  the  anti-gen."  ITiere- 
is  as  vet  no  8atisfactor\'  proof  tluit  any  substance  other  tlian  a  protein  can  act 
as  an  antigen.  The  autibodiesi  are  of  various  kinds,  sometimes  they  prwipitate 
the  antigen  and  are  known  as  precipitins,  sometimes  they  act  in  neutralising  its 
toxic  properties  in  some  other  way  and  are  called  ^^anti'toxins,"  sometimes  thsy 
cause  agglutination  of  bacteria,  "agglutinins,"  and  so  on. 

Now  statements  have  Ijeen  made  that  wlicn  enzymes  are  used  as  antigens 
anti-enzymes,  true  antibodies  in  the  above  sense,  tliat  of  Ehrlich,  are  formed. 
It  is  to' be  noted  that  a  true  anti^enzyme  must  be  specific  and  act  only  on  tbe 
particular  ensyme  which  caused  its  production,  its  antigen.  It  is  tbersfors 
incorrect  to  describe  any  substance  which  retards  the  action  of  an  enzyme  as 
an  anti-enzyme  ;  otherwise,  alkali  would  liav*-  the  right  to  bo  called  "  antipepsin.'* 

The  results  of  certain  experiments  which  I  had  occasion  to  make  wit& 
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regard  to  emulsin  (1912,  2\  in  -vvliir-h  rabbits  were  injected  with  the  enzyme, 
led  me  to  examine  carefully  the  evidence  as  to  the  existence  of  anti-enzynnes. 
la  the  experiuients  referred  to,  it  was  found  that  a  "  precipitin  "  wa^  formed 
for  the  Tegetable  protein  present  as  impiirity  in  the  emulnn  used,  but  that 
there  was  no  precipitin  for  the  enzyme  itself.  The  serum,  in  point  of  fact,  did 
retard  the  actitin  of  emulsin,  but  the  rffpct  was  ft)unti  to  be  merely  due  to 
diminution  of  the  acidity  of  the  solution ;  when  thi^  was  brought  back  to  ita 
initial  value  by  the  addition  of  acid  phosphate,  the  inhiuitory  effect  disappeai'ed. 
Moreover,  making  an  emtdain  solution  of  the  same  hydrogen  ion  concentration 
as  that  produced  hj  the  addition  of  **immane^nim^  caused  the  same  degree 
of  retardation. 

It  w  to  l>e  not«d  that  "anti-emuUin "  was  the  first  anii  tnzynie  su|ip"'f  d  to  bo  produced 
^Hildebrandt) ;  it  is  generally  regarded  ae  a  ty|)ical  one  and  certainly  has  more  evidence  in  its 
favoor  than  any  other  one.  Thb  evidence  is  diBcaned  in  my  paper  referred  to  aborre.  When 
the  scnim  of  an  animal  shows,  normally,  "  anti-cnzyrnir  iiropt  rtU  H.  it  is  naturally  impossible  to 
ootain  satisfactory  tvuk-nce  that  these  can  be  increaeed  by  the  injection  of  the  enzyme  in 
queetion,  since  the  property  exhibits  large  natoral  variations.  In  other  cases,  adsorption 
of  enzymes  by  colloiaal  tiuhstances  is  sufficient  to  account  for  the  "anti "  proyu  rtit  s ;  Hedin 
<I1M)6)  showed  that  the  adsorption  of  tr^'pein  by  charcoal  is  precisely  similar  to  a  typical 
Tetardation  by  anti-eozjaras. 

Tbaysen  (1915)  finds  that  the  eOHMUled  "a&ti-rennin  "  of  serom  is  to  be  entirely 
accounted  for  by  the  two  influences  referred  to  above,  the  adsorption  of  the 
enzyme  on  the  one  hand,  and  the  effect  of  change  in  hv<iro<j;en  ion  cnneentration, 
aa  found  bv  mv5?elf  in  the  ca«e  of  emulsin.    There  is  no  true  antibcxiv  formed. 

We  shall  see  later  that  enzymes  are  not  proteins,  at  least  the  fact  has  been 
definitely  estaUiahed  in  some  cases  and  in  none  is  there  evidence  of  tiidr  bong  so. 
This,  in  itself,  is  itpiiori  naaoD.  for  doubting  the  production  of  true  antibodies, 
until  it  has  been  shown  that  substances  other  than  proteins  can  give  rise  to  their 
formation. 

Under  special  circumstances,  bubsiances  preventing  the  action  of  enzymes 
are  to  be  met  with.  An  interesting  one  is  that  pi*esent  in  iiUestitud  tvormgf 
protecting  them  from  the  action  of  trypnn.  The  properties  of  this  substance 
were  especially  investigated  by  HamUl  (1906)  and  it  was  found  to  be  soluble  in 
^5  per  cent,  alcohol,  not  destroyed  by  lx>iling  in  neutral  or  acid  solution,  but 
readily  in  alkaline  solution.  It  is  not  a  colloid.  When  added  to  a  tryptic  diirpst, 
it  is  found  to  disappear  slowly,  so  that  ultimately  the  enzyme  recovers  lU  full 
activity  and  is,  therefore,  merely  temporarily  paralysed.  Its  disap|iearance  in  the 
alkaline  digeit  jj^  natural,  owing  to  its  sensibility  to  alkali.  As  will  be  seen,  this  « 
sul^tance  has  none  of  the  characteristics  of  Ehilich'v  antibodies. 

The  behaviour  r  f  raw  sf  rum  or  ei,'i;-white  to  tryps<iii  is  peculiar.  If  the  curves 
cup.  129  of  my  monograph  (1919,  1)  be  referred  to,  it  will  be  noticed  that  the 
action  on  raw  ^g-white  starts  slowly  but  becomes  more  rapid  until  it  ultimately 
reaches  the  same  point  as  when  the  suMtrate  had  been  previously  boiled .  This  may  l>e 
due  to  the  presence  of  some  inhibitory  substance  similar  to  that  of  the  intestinal 
parasites  or  perhaps  to  the  adsorption  of  the  enzyme  by  the  protein,  uldch  is 
itself  a  difficult  one  for  attack  ;  as  this  protein  is  slowly  attacked,  the  ejizyme  is  .set 
at  liberty,  so  that  it  is  available  for  the  further  conversion  of  the  easily  attacked 
proteoses  resulting  from  the  initial  hydrolysis  of  the  protein. 

Conceiitraiion  of  Substrate. — ^According  to  the  law  of  mass  action,  it  is  to  be 
expected  that  the  rate  of  chanaf*  in  an  enzyme  reliction  would  be  directly 
proportional  to  tlie  concentration  of  the  substrate.    This  is  .so,  in  the  main,  so  long 

the  concentration  does  not  excee«i  a  certain  value,  which  diffei's  in  individual 
cases.  In  diat  of  caseinogen,  for  instance,  below  5  per  cent,  the  rate  is 
proportional  to  tiie  concentration,  although  not  in  simple  linear  ratio ;  above 
5  per  cent.,  the  rate  continues  about  the  same  up  to  8  per  cent.,  but  in  10  per  cent, 
solution  it  is  rather  less  than  in  one  of  8  per  cent.  Tlicre  appear  to  be  two  factors 
<:oncemed.  The  rate  of  a  reaction  in  such  colloidal  heterogeneous  systems,  as  we 
have  seen,  is  determined  by  the  amount  of  the  adsinrption  compound  between 
eiuyme  and  substrate  in  existence  at  any  given  time.  Remembering  further  what 
ve  have  learned  with  regard  to  adsorption  in  general,  we  s^  that^  at  a  certain 
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concentration  o£  substrate,  the  aftivp  surface  available  will  be  "saturated/'  tlii' 
further  increase  in  conceutration  will  not  result  in  more  adsorption  and  theretore 
in  no  increase  in  the  mte  of  the  reaction.  If  the  "  concentration  "  of  the  active 
snrfBoe  is  inereoeed  relatively  to  the  sabetrate^  there  will  be  iacrease  antii  this 
surface  is  saturated. 

This  circumstance,  however,  seems  capable  of  explaining  only  the  fact  of  cju'iJity  of  rite 
above  certain  relative  proportions  of  enzyme  and  substrate,  and  i«  well  iUuatrated  by  Uie 
foUowimg  two  expwtiiienta  by  E.  F.  Arautrong  0904,  1,  p.  508).  A  vvtj  maXL  anoont  «l 
laptaig  acted  on  different  concentrations  of  lactose  for  fui  ty-six  hours  ;  it  was  found  thai 
liie  amount  iiydrolysed  was  the  same  in  all,  although  the  reaction  was  by  no  means  at  an 
endy  tbus : — 

Lacto<?c.  Amount  Hydrolysed. 

10  per  cent.  .  -  -  .  2-22 
20  „  -  -  -  -  218 
30      ,.         -  2-21 

Whan  the  proportion  of  enzyme  to  substrate  was  large,  a  different  roriult  was  obtained:-* 


Lactose  Per  Cent.    Change  in  Three  Hours. 


1-0 
0-6 
0*2 


0-185 
0-008 
0-0116 


Velocity  Constant. 


00298 
0-0296 
OilSST 


»» 
» 
f» 


•4 


The  amount  of  hydmly^i^^  \9,  in  <\\rwi  ratio  to  the  conoentration  of  tabstcate  and  the 
velocity  constant  is  praciically  identical  in  all. 

Another  factor  which  comes  into  play  in  such  cases  as  proteins  or  glycerol  is 
mtootUifft  which,  as  we  have  seen,  retards  the  aoceis  of  substrate  to  enz3mie.  Tbe 
fact  tliat  gelatune  shows  actual  retardation  above  a  certain  concentration  and  in  s 

more  marked  degree  than  does  caseino'j^eri,  supports  this  view,  since  gelatine  forms 
polutions  of  a  higher  degree  of  viscosity  than  those  of  caseinogeu.  The  following 
numbers  show  the  change  of  electrical  conductivity  in  twenty-five  minutes  in 
mlvtions  of  gelatine  of  different  concentrations 

10  per  cent.  •    130  reoipirooal  megohma. 

6       „  -        -  170 

.     4       „  .         -  240 
2  -280 

We  see  that  there  is  a  progressive  increase  in  tiie  rate  ss  the  solntton  is  more 

dilute.  Similar  facts  apply  to  the  synthe^  of  glyoerol-glucoside  by  emnlsin  ;  the 
rcUe  is  diminishe<l  when  the  glycerol  present  exceeds  about  65  per  cent.  It 
important  to  noto,  however,  that  in  this  case,  where  it  is  possible  to  test  the  efi'ect 
on  the  total  amount  of  products  when  the  reaction  lias  attained  equilibrium,  thia 
final  amotint  is  fonnd  to  be  in  direct  ratio  to  the  ooncentratioii  of  the  snbstrste^ 
although  the  higher  the  viscosity,  the  longer  the  time  taken  to  reach  equilibrium. 

Effect  of  Temperatxire. — Like  all  processes,  the  action  of  enzymes  is  increaseil 
in  rate  by  rise  of  temperature,  in  some  cases  very  considerably,  more  than  trebled 
by  a  rise  of  10*.  The  fact  indicates  that  the  controlling  factor  of  this  particular  kind 
of  heterogeneous  reaction  is  the  chemical  reaction  proper,  since  both  diffusicm  and 
adsorption,  as  physical  processes,  have  a  low  temperature  coefficient. 

As  the  temperature  is  raised,  it  is  found  that,  above  a  particular  temperatui-e, 
the  rate  begitis  to  fall  off,  and  at  a  further  ripe  of  temperature  all  effect  is  al>oli«5liod. 
The  temperature  at  which  the  maximum  rate  is  shown  has  been  called  the  optimum 
iemperalttre. 

It  is  merely  due  to  the  fact  that  enzymes  are  injured  more  or  less  rapidly  bv 
rise  of  temperature,  and  the  optimum  temperature  is  that  at  which  tiie  acceleration 
due  to  rise  of  temperattirc  is  in  c;reatest  exces<»  over  the  simultaneous  destruction 
of  the  enzyme.  The  {noress  has  Iwen  worked  out  by  Fmst  Blackman  (1905)  and 
a  complete  explanation  given.  Attention  siiould  also  l)e  directed  to  tlie  time 
factor  in  this  connection.  The  lethal  effect  of  raised  temperature  is  not  a  suddsa 
thing,  so  that  the  slowing  of  the  reaction  will  be  more  and  more  apparent  tbs 
longer  the  time  that  has  elapsed  since  tbe  commenoement  of  the  exposure  to  s 
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particular  temperature.  Neither  the  optimum  nor  the  lethal  temperature  is  a  fixed 
point ;  a  short  exposure  to  a  high  temperature  may  not  kill  an  organism,  while  a 
longer  exposure  to  a  rather  lower  one  may  be  fatal. 

Some  of  the  earlier  workers  with  enzymes  seein  to  have  regarded  the  optimum  temperature 
of  enzyme  action  as  something  mysterious,  even  indicating  "vital  action."  We  see  that  it  is 
merely  the  expression  of  the  sensitiveness  of  the  colloidal  arrangements  of  the  enzyme  system 
to  rise  of  temperature,  and  is  not  contined  to  enzymes,  but  may  be  sliowu  hy  inorganic  colloids. 


Flo.  85.     InTEUIoK  of  VAN't  HoKF's  private  room  ly  TirE  old  r,ABORATORY 

AT  Amstfkdam  (1S77-IS1U).— the  left  of  the  photograph  is  a  window, 
in  front  of  which  stands  a  table.  This  table  was  van't  HotTs  chief  work- 
place. 

(Reproduoec'  by  the  kindnens  of  Prof.  Ernst  Cohen 
of  tne  van't  Hoff  Ijiboratory,  Utrecht.) 

There  is  one  practical  point  in  connection  with  the  great  acceleration  of  enzyme 
actit>n  by  rise  of  temperature.  It  is  often  necessary  to  stop  a  reaction  at  a 
particular  .stage  ;  this  must  not  l>e.  done,  if  any  accuracy  is  requirwl,  by  raising 
the  sample  to  the  l)oiling  point.  However  quickly  this  can  be  done  in  practice, 
the  enzyme  is  not  immediately  destroyed,  and  during  its  short  life,  it  acts  with 
great  energy,  owing  to  the  considerable  rise  in  temperature.  If  dilution  is 
permissible,  the  .sample  may  be  allowed  to  fall,  drop  by  drop,  into  boiling  water. 
Better,  if  the  addition  of  chemical  substances  is  immaterial,  as  is  usually  the 
case,  mercuric  nitrate  may  be  added,  which  immediately  precipitates  and  destroys 
the  enzyme. 
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EQUILIBRIUM  AND  REVERSIBILITY 

AUhough  the  great  majority  of  the  reactions  catalysed  by  enzymes  are 
to  be  I'eversible,  it  is  a  matter  of,  at  any  rate,  great  theoretical  interest  to  c 
how  far  it  is  justifiable  to  regard  all  reactions  as  reversible.  Accord 
J,  J.  Thomson  (1888,  p.  281),  if  we  take  the  view  that  the  properties  of 
in  motion  are  sufficient  to  account  for  all  physical  phenomena,  irre^ 
processes,  such  as  those  apparently  made  so  by  frictional  resistance,  ir 
capable  of  explanation  as  the  combined  effect  of  changes,  all  of  which  an 
selves  reversible.  "  It  follows  that,  if  we  c<iuld  only  control  the  phenc 
ill  all  its  details,  it  would  be  reversible ;  so  that,  as  was  pointed  out  by  M 
the  irreversibility  of  any  system  is  due  to  the  limitation  of  our  pov 
manipulation,  l^he  reason  why  we  cannot  reverse  every  process  is  beca 
only  possess  the  power  of  dealing  with  the  molecules  en  masse  and  not  indivi 


Fig.  86.    Extlkior  or  va.n't  H<tFF'8  old  laboratokv  at  Amsterdam. 

(Reprotluced  hy  the  kindness  of  Prof.  Ernst  Cohen 
of  the  van't  Hofl  Laboratory,  Utrecht.) 


while  the  reversal  of  some  processes  would  require  the  reversal  of  the  mc 
each  individual  molecule." 

Nernst,  also  (1911,  p.  442),  states  that  reactions  cannot  be  divide 
reversible  and  non-reversible.  "  There  can  be  no  doubt  that  by  suitable 
ment  of  the  conditions  of  the  exporiraent,  it  would  be  possible  to  make  a  n 
take  place,  now  in  one  direction,  now  in  the  opposite,  that  is,  in  principf 
reaction  is  reversible."  One  of  the  most  obvious  of  these  conditions  refei 
is  that  of  temperature,  as  in  the  well-known  case  of  the  dissociation  of  amn 
chloride. 

It  appears  justifiable,  then,  to  regard  all  reactions  from  this  point  o 
although,  under  onlinnry  conditions,  the  position  of  equilibrium  may  be  a 
the  state  of  romploto  chaiiiie  in  one  direction  that  the  reaction  seems  to  hav 
entirely  in  one  direction. 

When  a  reaction  is  known  to  be  reven«ible,  it  is  cuHtoniary  to  use  the  sign  sugge 
van't  Hoff  (1884,  p.  5),  namely,  two  arrows  jiointing  in  opposite  directions  : — 

acid  -f  alcohol  ^  ester  +  water, 
or  more  conveniently,  by  the  moditication  of  this  suggested  by  H.  Marshall  (1902) : 

•>  We  owe  to  van't  Hoff  (1884)  the  systematic  investigation  of  the  laws 
▼elocity  of  reaction  and  of  equilibrium.    It  may  be  of  interest  to  the  rei 
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see  a  photograph  of  the  laboratory  in  which  he  worked  from  1877  to  1887,  a 
period  of  time  in  which  so  much  of  fundamental  importance  was  pro<Juced.  Tlie 
photograph  of  van't  HofTs  workroom,  reproduced  in  Fig.  85,  and  that  of  the 
exterior  of  the  laboratory  in  Fig.  86  are  taken  from  the  book  by  Jorrisen  and 
Reicher  (1912).    Fig.  87  is  an  interesting  picture  of  Ostwald  and  van't  Hoflf. 

We  have  already  had  occasion  to  refer  to  some  facts  concerning  the 
reversibility  of  enzyme  action.  We  saw  that  the  equilibrium  point  may  be 
in  very  various  positions  according  to  the  relative  rate,  as  determined  by 
the  chemical  difficulty,  of  the  two  opposing  reactions.  We  have  seen  how,  at 
this  equilibrium  point,  the  two  opposing  reactions  are  to  be  regarded  as  still  pro 


Fio.  87.    Van't  Hoff  and  Ostwald  in  Ostwald's  laboiu^tory  at  Leipzig. 

(Reproduced  by  the  kindness  of  Prof.  Krnst  Cohen 
of  the  van't  Hotf  Laboratory,  Utrecht.) 

ceedlng,  but  at  equal  rates.  The  reaction  with  the  slower  natural  rate  is 
compensated  for  by  the  greater  active  mass  at  the  state  of  equilibrium.  It  is 
to  be  remembered  that  tlie  actual  position  of  equilibrium  is  decided  by  the 
relative  values  of  the  two  velocity  constants.  The  ratio  of  these  constants  is 
obviously  also  a  constant  and  is  known  as  the  et/uifibrium  constant.  We  note 
further  that  the  equilibiium  position  can  Ije  defined  in  two  ways,  either  from 
the  dynamical  point  of  view,  as  above,  by  the  ratio  of  the  two  velocity  constants, 
or,  from  the  statical  point  of  view,  as  the  ratio  of  the  relative  masses  of  the  com- 
ponents. It  is  interesting  to  find  that  the  equilibrium  constant  in  the  lipase 
reaction  of  Dietz,  given  at  the  commencement  of  this  chapter,  is  found  experi- 
mentally to  be  the  Sanie  when  calculated  in  both  ways. 

Although  the  equilibrium  position  can  be  definetl  by  the  relative  massea  of 
1 1 
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the  components,  it  is  not  to  be  supposed  that  it  is  a  statical  one.  Tlie  two 
reactions  are  still  proceeding,  the  various  molecules  are  continually  changing 
their  putDen,  but,  during  m  mne  time^  the  nnmber  of  dMngei  in  the  one 
direction  b  equal  to  that  in  the  opposite  one.  * 

conception  of  a  dynamical  equil Unburn  is  of  great  importanoe,  not  only  in 
chemistry,  but  also  in  the  pbysioloL'}-  >f  the  cell,  llie  idea  aeems  to  have  been 
first  clearly  expressed  by  A.  W.  "NViiiiamson  (1850), 

Before  preceding  further,  some  additional  remarks  on  the  law  of  m<m^  action, 
especially  on  its  history,  are  required.  Before  tiie  time  of  Be^hoUet  (1799),  it 
was  generally  held  that  the  course  of  chemical  action  had  noUiing  to  do  with 
the  quantity  of  reacting  matter.  This  chemist^  however,  pointed  out  how  the 
reaction — 

CaCl.,  +  Na.CO,  -  CaCO,,  -f  2XaCl, 

was  revor.se<l,  on  the  shores  of  certain  Egvptian  lakes,  by  tho  presence  of  great 
excess  of  calcium  carbonate,  so  that  the  deposits  of  sodium  carbouate  were  thus  to 
be  accounted  for.  As  he  says,  "an  excess  of  quantity  can  compensate  for  a 
weakness  of  aflSnity,"  and  "  the  result  of  a  chemical  reaction  depends  not  simply  on 
the  strength  of  the  affinities,  but  also  on  the  amount  of  the  active  reagmits"  (p.  5 
of  the  reprint  in  Ostwald's  *•  Klaasiker  ").  This  point  of  \new  was  not  acceptH 
for  more  than  half  a  century.  In  1850  Wiihelmy  applied  ma&s  art  ion  in  a 
quantitative  manner  to  the  hydrolysis  of  cane-sugar  by  acid,  and  esuabiibhed  the 
fact  that  the  rate  of  action  at  any  moment  is  proportional  to  the  amount  of 
substance  undergoing  diange.  Harcourt  and  Esson  in  1856  obtained  similar 
results,  but  it  is  the  great  service  of  Guldbergand  Waage(1864)  to  have  formulated 
and  applied  the  idea  in  its  full  significance,  and  in  a  rh^tw  and  .systematic  manner. 
Nevertheless,  their  work  remained  fur  a  long  time  unknown,  so  that  the  law  of 
msLAn  action  was  developed  independently  by  Jellet  in  1873,  and  by  van't 
Hoff  in  1877. 

To  avoid  possible  confusion,  it  should  he  clearly  understood  that  the  masses 
spoken  of  are  conrentrntiong,  that  is,  mass  in  nnit  volume.  Taking  again  the 
kinetic  point  of  view,  we  can  see  at  once  tl)at  it  would  not  double  the  number  of 
effective  collisions  if  we  doubled  the  mass  and  the  volume  at  the  same  time;  there 
would  still  be  only  the  same  possibility  of  collision.  We  must  ensure  the 
possibility  of  doubling  the  number  of  collisions  by  doubling  the  nnmber  of 
molrc  ules  in  the  same  space. 

luMiicmhering  that  the  composition  of  a  system  in  equilibrium  is  determined 
by  the  relative  ral^s  of  two  opp»jsinir  reactions,  we  «ee  how  t)ie  law  of  msss  sction 
is  the  basis,  not  only  of  chemical  dyiiuwici*  but  also  of  chemical  statics. 

Passing  on  to  consider  its  applicattcm  to  the  action  of  enzymes,  let  us  see  first 
what  is  the  e£fect  of  changing  the  concentration  of  one  component  of  a  revmble 
reaction  in  equilibrium.  Taking  the  familiar  ester  system,  the  rate  of  hydrolysis 
is  in  proportion  to  the  product  of  the  concentrations  of  the  ester  and  the  water, 
that  is : — 

Vj  =it,  X  (ejjter)  x  (water), 

that  of  the  synthetic  i-eaction  \&  : — 

V}""^  X  (alcohol)  X  (acid), 

using  brackets  as  usual  to  express  concentrations,  and  and  are  the  t»o 
velocity  constants.    Then,  in  equilibrium  : — 

/l',(ester)(water)sA;j(alcohol)(acid),  or  , 

k\     (alcohol  )(acid)       ,  »  « 

2^  a  K,  the  equilibrium  constant. 
*» 

Put  in  this  form,  we  see  that  if  we  increase  one  c^mponent^  the  VBSolt  most 

be  to  decrca'^e  its  fell  ow,  sine*'  the  value  of  the  fraction  must  remain  unaltered. 
Suppose  we  increase  water,  the  value  of  tiie  fraction  can  only  be  kept  constant 
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«ijjier  by  incr^dug  (alcohol)  (acid)  or  by  decreasing  (ester).  In  point  of  fact^ 
of  course,  the  two  arc  identical,  since  one  cannot  take  place  without  the  other. 
The  ip'^^ilt  of  excess  of  water  should  be,  therefore,  to  increase  the  hydrolytio 
reacuuu  of  the  Bybtein,  as  found  by  experiment. 

The  conclnaion  to  be  dravn  irom  this  fact  U  that,  in  order  to  obtain  much 
indication  of  tlie  aynthetic  aspect  of  enzyme  action,  tlie  concentration  of  water 
must  be  diminished  a»  far  as  possible  (Fig.  80,  page  300). 

In  the  living  cells,  where  syntlietic  processes  readily  take  ]>lace,  it  seems  that 
there  nnist  Ix"  some  very  etfective  means  of  doing  this,  perliaps  by  surface  con- 
densation or  imbibition  on  the  part  of  colloids.  But  we  have  as  yet  no  very  clear 
idea  of  the  mechanism. 

As  has  been  pointed  out  above,  certain  synthetic  reactions  proceed  but  very 
dowly,  even  in  maximum  concentration  of  the  reagents,  on  account  of  their 
chemical  nature  itself.  But,  in  the  dynamic  and  heterogeneous  sx  -^t^'ms  of  the 
cell  this  small  atnonnt  of  synthesis  must  not  be  undervalued.  Suppose  that,  as 
Rw»n  as  equilibrium  is  established,  the  synthetic  products  ai*e  removed  in  some 
vay  Kore  will  be  formed  in  order  to  re^tabli^  the  stable  condition  and,  in 
this  manner,  the  process  may  be  continuous,  bo  that  a  quite  appreciable  degree  of 
synthesis  may  take  place  in  a  short  time,  depending  on  the  e.vtent  to  which  the 
reaction  is  accelerated  by  an  enzyme.  The  removal  mny  l)e  effected  in  several 
wap.  TTie  piodnet  may  Ije  washed  away  by  the  blood  current  to  some  other  part 
of  the  orgauisui,  it  may  be  deposited  in  the  form  of  a  separate  phase,  such  as 
f^/uch,  glycogen,  or  fat,  or  it  may  be  immediately  used  up  in  an  independent 
chemical  reaction. 

A  particular  enzyme  in  a  eel!,  for  example  amylase  in  the  liver,  will,  under 
low  concentrations  of  glucose  in  the  blood,  hydrolyse  the  glycogen  stored  in  the 
cell;  while,  in  higher  concentrations  of  glucose,  glycogen  will  be  synthesised 
and,  as  it  is  stored  in  an  insoluble  form,  the  process  can  go  on  to  a  considerable 
extent.  This  possibilit]^  has  been  pointed  out  by  Croft  Hill  (1898). 

The  hydrolysis  and  loss  of  starch  from  germinating  seeds  is  regulated  by  the 
Stowing  plant.  If  the  emhryo  is  remo"\ed,  th*^  starch  ceases  to  be  hydrolvsed. 
This  is  obviou'-lv  a  case  of  t'(juilihrium  of  the  kind  just  referred  to,  since  Pfeller 
aad  Hansteen  (1^93^  have  shown  that,  if  the  embryo  of  maize  or  barley  be 
replaced  by  a  little  column  of  plaster  of  Paris,  the  disappearance  of  starch  can  be 
atopped  or  set  going  again  according  as  the  end  of  the  plaster  column  is  immersed 
in  a  tiny  drop  of  water  or  in  a  large  quantity.  In  the  former  case,  the  products 
^'f  hvdrolvsis  are  not  removes!,  so  th  it  the  reaction  soon  comes  to  its  equilibrium 
jxisition.  In  the  latter  cti8e,they  are  removed  by  difiusion  as  fast  as  they  are  fdrmed, 
so  that  theii*  concentration  is  maintained  permanently  low  and  no  equiiiurium 
n  reached. 

The  reader  is  referred  to  the  chapter  on  the  reversibility  of  enzyme  action  in 
my  monograph  (1919,  1)  for  the  numerous  cases  in  which  direct  evidence  of 
synthesis  by  enzymes  has  been  observefl.  The  fact  must  be  again  emphasised  that 
there  is  no  liecessity  for  the  iuisumption  of  special  synthesising  enzymes,  and  that 
all  evidence  that  has  been  brought  forward  to  show  their  existence  has  been  shown 
to  be  capable  of  other  explanations  (Bayliss,  1913).  If  enzymes  are  catalysts 
nnd  if  the  reactions  are  reversible  ones,  enzymes  must  accelerate  both .  the 
hvdrf.lytic  ami  the  synthetic  aspects,  unh'ss  they  carry  the  reaction  to  completion 
m  one  dii^ecti'  Ti,  whatever  the  conditions  present. 

It  was  mentioned  incidentally  at  the  beginning  of  the  present  chapter  that 
the  actual  position  €i  equilibrium  is  frequently  found  to  be  somewhat  difibrent 
under  the  action  of  6nz3rme8  from  that  under  acids.  This  fact  seems  to  have 
caused  some  ditKculty.  But  there  are  one  or  two  considerations,  of  interest 
in  thf»mselves,  which  should,  T  think,  lessen  or  remove  the  difficulty.  The 
iliflBculty  itself  would  be  much  more  serious  if  these  enzyme  changes  were 
associated  with  any  considerable  heat  change,  since,  in  that  aise,  energy  would 
have  to  be  supplied  hy  the  ens^me  or  from  some  other  source.  But  since  the  active 
SBmoe  is  always  present  in  minute  amount  compared  with  that  of  the  substrate 
it  does  not  seem  possible  that  it  could  supply  any  appreciable  amount  of  energy, 
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either  by  clieuncal  or  physical  change.  Hydrolytic  actions,  and  it  is  in  thttse  tiiat 
the  queiitiun  arises,  oi'e  practically  thermo-ueutral,  as  pointed  out  by  van't  Hotf 
(1909,  p.  1075);  the  heat  chaoge  b  veiy  small;  in  the  conveniofk  o{  one  graoi' 
molecule  of  methyl  acetate  to  one  of  alcohol  and  one  of  acid,  only  —  O'U  larg» 
calories,  thus: — 

.      170 -fi 
61-7 


232  3 
•  233-2 


Differenoe        -        •  -0*9 

In  other  words,  only  0  36  per  cent,  of  the  heat  of  combustion  of  the  ester.  The 
small  amount  of  energy  required  to  change  the  equilibrium  position,  in  the  caie  of 
e^yl  butyrate,  in  the  experi.  i  nts  of  Dictz  from  85 -5  percent,  of  ester,  when  acid 
Avas  the  catalyst,  to  that  of  75  per  cmt.  when  lipase  was  used,  might  quite 
conceivably,  as  Her7<»<{  (1910,  p.  196)  |>oiuts  out,  be  obtained  from  surface  or 
volume  energy  of  some  kind.  In  fact,  the  dilierence  between  catalysis  by  acid  and 
that  by  enzyme  consists  essentially  in  the  circumstance  that  the  former  results  in 
an  equilibrium  in  a  homogeneous  system,  the  latter  in  one  in  a  heterogeneous 
system. 

If  thi.s  shifting  of  the  ^uilibriuin  position  is  due  to  the  supply  of  energJT  from  ^^ome 
component  of  the  system,  it  seems  difficult  to  suppose  that  it  can  be  from  the  enzyme  itself  ; 
if  so,  the  equilibrium  should  not  be  the  same  with^ different  aiuuunt^  of  enz}'roe,  whereas  we 
have  seen  tnat,  in  experimentn  in  which  it  was  certain  that  et^uilibrium  wae  really  attained, 
the  oonoentratiou  of  enzyme  played  ao  part  in  the  equilibrium.  It  may  be,  nevertheless,  that- 
the  amoant  of  energj-  required  is  so  small  that  it  wa?*  supplied  by  the  smallest  concentration 
lued. 

A  subsidiary  point  is  worth  meation  here.  We  have  seen  that  lipase  is  increased  in  its  activity' 
by  bile  salts,  and  the  question  ariMS,  does  this  increased  activity  afl^t  both  the  componeota 

of  'li  iu\ ersible  reaction?  It  Iiuh  Iwcn  .shown  l»y  H  utisik  (1910)  tiiat  it  dot-a  ;  the  position  of 
equilibrium  is  unaffected.  The  fact  serves  to  confirm  the  view  taken  of  the  mode  ot  action 
of  the  coenzyme  in  this  case,  namely,  that  it  inoreasee  the  active  surface  of  the  enzyme. 

Bounjuclot  ct  Bridel  (1914)  made  the  interesting  oVi^trvarimi  tliat.  if  maltase  and  etntdsin 
together  act  on  glucose  and  alcohol,  so  that  a  mixture  ot  the  a-  und  ^  glucosides.is  formed,  the 
nine  composition  of  the  system  in  equilibrium  is  attained,  w  hatever  the  relative  amoant  or 
the  order  in  which  the  enzymes  are  added.  There  mn^t,  thcrr  fore,  be  a  OOnTenion  of  the  one 
glaooeide  into  the  other,  presumabiy  after  previous  hydi-olysis. 

MODE  OF  ACTION 

The  manner  in  which  catalysts  aet  ap])ears  to  be  of  more  than  one  kind,  so 
that  no  satisfactoiT  general  stateiiient  C4in  Ihj  Uiode. 

FcmuUwn  <^  IfOermediaiU  Compowndi. — In  one  case,  that  of  the  acceleration 
of  the  reaction  between  hydriodic  acid  and  hydrogen  peroxide  by  molylHlh-  acid, 
this  stai;e  of  intermediate  combination  has  been  satisfacturily  shown  by  Bn^»de 
(19<>I)  to  be  passed  through.  A  series  of  permolybdie  acids  is  formed  by  the 
action  of  hydrogen  peroxide  on  the  catalyst  ;  these  are  formed  with  great 
rapidity  and,  when  formed,  thev  react  also  with  great  rapidity  on  hydriodic  add, 
with  separation  of  iodine  and  return  of  the  catalyst  to  its  original  form  of 
raolylxlic  acid.  Both  these  reactions  together  occur  at  a  greater  rate  than  the 
orifrinal  micatalr'^r'rl  reaction  Uctwcrii  liydriodic  acid  and  hydrogen  peroxide, 
so  that  tlu'  (  literion  of  Ostwald  (  IbLi'J,  j>.  517)  ixs  to  the  conditions  to  be  satistied 
for  ^4uch  an  explanation  to  be  admissible  are  preiit'Ut. 

It  must  be  admitte<l,  however,  that  this  case  of  catalysis  with  the  formation  of  an  inter- 
mediate compound  of  a  chemical  nature  appears  to  be  an  exceptional  one.  In  some  oases, 
indeed,  as  in  the  catalysis  of  methyl  acetate  bv  hydroohlorio  acid*  at  is  found  that  the 
reac  tion  by  way  of  methyl  chloride  takes  longer  than  the  spontaneous  actual  one,  so  that  thia 
obvioiw  intermediate  compound  is  excluded. 

Adaorptum. — It  was  suggested  above  that  the  increased  concentration 
produced  by  adsorption  might  perhaps  Ije  suthoiont  to  account  for  tlio  greater 
rate  of  reaction.   But  it  scarcely  seems  possible  to  explain  the  existence  of  such 


Heat  of  oombustion  of  methyl  alcohol  - 
„         „  aoetibacid 

„  methyl  aoetate  • 
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a  variety  of  enzymes  on  this  hypothesis  alone,  although  one  must  not  be  too  hasty 
in  inakin  j  such  a  statement  until  more  is  known  as  to  the  nature  of  adsorption 
in  its  manifold  aspects. 

With  respect  to  the  numerous  theoi-ies  of  catalysis  that  have  been  suggested, 
the  reader  may  consult  the  work  of  Mellor  (1904,  chapter  x.). 

B^are  prore<  cling  to  a  discussion  of  what  we  know  an  to  the  mode  of  action 
of  ^  n/vme^i,  a  brief  de.^cription  of  tbeir  physical  and  chemical  properties,  as  &r 
as  I  hey  are  known,  is  requi*!ite. 

Physical  Properties  (tf  Etuymes. — They  are  all  in  the  cuiloidiil  state  in  solution. 
They  do  not  diffuse  through  thick  parohment  paper,  but,  a^  samples  of  this  paper 
vary  in  the  dimensions  of  their  pores,  it  may  be  found  that  an  enzynu-  in  a 
hii^hly  dispersed  condition  may  (liflTnse  slowly  tlir<.u<,'li  some  papers.  This  was 
the  ease  with  the  amylase  of  Fraenkel  and  HaiJil)ur^'  (1906). 

Their  destruction  by  heat  has  been  referred  to  abuve. 

Aa  colloids,  they  have  an  elec^cal  charge,  varying  with  the  electrolytes 
present  with  them.    This  charge  appears  to  play  some  part  in  the  mechanism  of 

their  action,  as  will  be  seen  presently. 

There  is  indirect  evidence  that  many,  if  not  all.  are  optically  active. 

The  Chemical  Xature  of  Enzymes. — It  is  obvious  that  irreat  practical  ditHculty 
exists  in  the  investigation  of  this  subject,  owing  to  the  nnnute  aniouutn  of  theiie 
intensely  active  substances  which  we  have  at  our  disposal.  It  was  thought  at 
one  time  that  they  had  the  composition  of  proteins,  but,  as  preparsdons  were 
made  of  greater  purity,  it  was  fonnd  that  tlie  protein  reactions  disappeared  more 
and  more,  altliout,di  the  preparation  gaint-d  in  aetivity.  Moreover,  according  to 
Beijerinck,  they  are  incapable  of  serving  a.s  nitrogen  food  for  bacteria  or  yeasb. 
It  is  probable  that,  like  inorganic  catalysts,  they  are  of  vexy  varied  chemical 
nature,  but  what  this  is  cannot  as  yet  lie  stated  definitely  in  respect  of  any  one 
of  them. 

It  is  possible  that  they  are  not  single  chemical  individual,  but  complex 
systems,  as  was  suggested  by  Bertrand  some  years  ago.  In  an  address  to  the 
f  rench  Assodation  for  the  Advancement  of  Science  in  1909,  the  theory  is  stated 
ns  follows : — One  of  the  constituents  of  the  sjrstem  is  capable,  on  its  own  account^ 
of  proclucing  the  reaction  in  question  to  a  slight  degree,  but  requires  the  presence 
of  another  substance,  inactive  in  itself,  before  its  activity  liecomes  apprecial*!** 
The  former  is,  according  to  the  cas>e,  some  such  substance  as  acid,  alkali,  calcium 
or  maiiganese  salt,  etc.  The  latter  is  a  more  complex  substance,  often  similar  to 
egg-white,  colloidal  in  character.  This  view  is  similar  to  that  stated  by  von 
Wittieh  (1872,  p.  469)  as  regards  pepsin,  which  is  held  merely  to  intensify  the 
action  of  hydrochloric  acid.  Tt  is  not  quite  clear,  however,  wliether  von  Witticli 
intended  to  make  the  Lreneral  statement  that  all  enzyme  actions  are  of  this 
nature,  although  it  seems  iuiplied.  This  \  iew  receives  support  also  from  the  facts 
connect  with  the  artificial  laccase"  prepared  by  Dony-H^oanlt  (1908,  p.  151), 
in  which  the  active  agent  is  colloidal  manganese  hydroxide,  but  protected  from 
aggregation  by  tlie  presence  of  a  "  stable  "  colloid,  gum  arable* 

At  this  point  I  tt-el  bound  to  make  w  prnte«t  npnin^t  Bungt-'s         nt  physjolngist ^ 

(1907,  p.  241),  in  which  he  savs  tliat  "the  ksf  a  pliv siuiogit^t  knows  about  chemistry,  the 
Creater  is  he  inclined  to  work  at  tli<  must  difhcnit  chemical  subjeetfr— the  proteins  uid 
lerments."  If  the  cliemistry  '■>>  wliich  relVieiiee  is  tiM'Ie  here  is  pnrr  f^talicaf,  structural, 
organic  cheraistr}*,  «s  would  aitpear,  it  is  a  renjaikahle  met  that  such  a  nnxle  of  attack  ha* 
teught  ns  ]^aetioaUv  nothing  aoout  the  nature  of  enzymes,  and  has  only  led  to  tlie  multiplica- 
tion of  names,  on  which  Bunjie  himself  justifiably  tht*tw«  contempt  as  '*a  drag  nnd  a  brake  to 
science."  It  is  only  since  tlie  question  has  been  aUacked  from  the  kinctical  stuiidiioiiit  of 
physical  and  colloidal  obemietry  that  we  are  beginning  to  see  light.  It  is,  of  course,  far  from 
my  intention  to  undervalni^  the  work  of  organic  chemistry  as  one  of  the  htlj)-;  (n  tlie 
oomprehcnBion  of  our  difficult  |ii"oblems,  as  nuist  he  apparent  from  the  previou-  paut  ut  the 
present  bonk,  and  would  be  ot  self-fvich  nt  absurdity;  but,  in  \  irw  01  opinic'ns  M.mctimes 
expressed,  it  is  necessary  to  point  out  that  there  are  other  bodies  of  doctrine  cNf  e<|ual  imporfc^ 
ftnce  in  the  ftndy  of  physiology. 

Enzymes  Act  at  their  Surfaces. — The  clearest  direct  proof  of  this  fact  is  that 
emulsin,  lipase,  urease,  and  trypsin  exert  their  activity  in  alcoholic  media  in  vhich 
they  are  completely  insoluble^  and  can  be  filtered  off  (Baylisa,  1915).   In  such 
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caHes,  where  tho  euzytuo  is  not  uniformly  distributed,  rate  of  diffusion  must  pk? 
a  part  in  the  first  stage  of  the  partioular  heterogeneous  reaction,  aa^  in  feust,  is  founi 
by  exporiuMity  since  shaking  such  systems  accelerates  the  rate  of  change.  When 

the  fn?:yine  is  in  colloidal  solutidii,  althnuirh  it  forms  a  separate  phase,  it  i-^  com- 
paratively uniformly  distributed,  so  that  the  <iiIt'usion  distances  are  very  small  and 
wo  can,  with  caution,  ai>ply  the  formulse  of  velocity  of  ieactiuns  developed  for 
homogeneous  sjstems.  Adsorption  of  suhstrate  on  the  surface  of  the  enijrme  phase 
is  the  next  stage,  as  we  saw  in  describing  heterogeneous  reactions  in  general.  This 
probably  takes  place  with  great  rapidity  as  soon  as  the  components  are  sufficiently 
near  together.  Chemical  reaction  follows  ;  but,  under  conditions  in  which  it  tnke« 
place  slowly,  cold  for  example,  it  is  possible  to  separate  the  actual  adsorption 
compound  6t  enzyme  and  substrate.  The  ''compound  "  of  starch  and  amylsae  hts 
been  prepared  by  Starkenstein  (1910)  and  by  Philoche  (1908,  ^  393),  that  of 
fibrin  and  pepsin  by  von  Wittich  (1$72,  p.  444),  thc^  of  trypsin  with  starch, 
caseinogen,  and  charco.d,  nnd  of  amylase  with  raseino^^en  bv  mv<fo]f  n911,  1).  It 
will  be  noted  that  it  is  not  uecestiary  that  the  substrate  should  be  one  on  which 
the  enzyme  acts  in  order  that  adsorption  may  take  place. 

A  further  point  of  interest  is  that  electrolytes  behave  in  this  process  in  the  same  wsr  m 
that  in  which  they  behave  in  what  we  hu%'e  railed  above  "electrical  iidsorjition "  iixii;e  .>S), 
08  dioirn  by  myself  in  the  case  of  trypsiu  (18U,  1).  If  the  enzyme  and  the  substrate  Ar& 
both  negatively  eharsed,  a  certain  obstacle  to  adsorption  exists,  mnoe,  if  it  took  place,  it 
would  increase  tlie  elcctncal  energy  of  the  surfa<  e.  If  a  bivalent  ion,  say  Oa* is  pre^sent, 
the  charge  on  the  surface  is  reversed  aud  adsorptiou  facilitated.  In  this  way  the  favoursble 
aatioa  cTeleotrolytes  in  many  oases  can  be  explauwd. 

An  iniermediaie  compound  of  a  chemical  nature  between  eosyme  and  adsorbed 

substrate  has  not  been  shown  to  be  formed. 

The  work  of  Wohler,  Pluddemann,  aud  Wohler  (1908)  is  of  some  importance  in 
this  connection.  Their  investigations  concern  the  catalytic  action  of  various  oxides 
and  of  platinum  on  the  oxidation  of  SOj  in  tiia  manufacture  of  sulphuric  acid.  They 
show  that  an^  sulphites  or  oxides  of  the  ordinary  kind  are  inadmissible  as  inte^ 
mediate  chemical  compounds  between  catalyst  and  substrate.  If  such  a  compound  is 
to  be  assumed,  it  must  be  an  ("ndothermic  one,  such  as  a  peroxide.  They  regard  their 
experiments  as  mt^re  favournbh'  to  the  theorv  of  acceleration  by  increased  concentrsr 
tion  due  to  adsorption,  but  do  not  consider  them  as  definitely  fieciding  tlie  question. 

The  possibility  of  increa,sed  chemical  potential  brought  about  by  molecular 
forces  in  the  act  of  concentration  on  the  surface,  as  pointed  out  by  Hardy,  must 
not  be  forgotten. 

If,  as  we  assume,  the  natural  state  of  equilibrium  is  brought  about  mpidlv  ^  v 
increase<l  concoTit»;frion  on  the  surface,  it  follows,  as  Prof.  Hopkins  reminds  me, 
that  the  various  components  of  the  system  must  be  adsorbed  in  tho  same  proportion 
as  they  exist  in  tlM  IxxJy  of  the  solution.  We  have,  as  yet,  insufficient  evidence 
on  the  question.  It  may  be  that  the  explanation  of  the  different  equilibrium 
position  under  acid  and  enzyme  may  be  found  here.  The  mechanism  of  hetero> 
geneon-^  '-  italy^jis  requires  much  further  investigation. 

There  is  the  possibility  that  H*  and  OH'  ions  may  l)e  aUo  ad-sorbcd  and  assist  in 
the  process,  somewhat  as  in  the  theory  of  Bertrand  (p.  325).  Mellanby  and  Wooilif 
(1915,  p.  258)  hold  that  pancreatic  amykse  ''associates"  H*  ions  with  itself  and 
that  its  activity  is  determined  thereby. 

Tlie  followini;  illustration  may  a<wi9t  the  reA<ler  in  understanding  the  facts  of  heterog«n(?oa9 
reactions.  1  roust  apologise  for  its  apparently  trivial  nature.  Imagine  a  number  of  sna;b  m 
the  neighboorhood  of  a  strawberry.  As  soon  as  a  snail,  in  the  course  of  its  wanderings, 
Leoomes  ^eii^ihle  of  the  ])ro«eiiee  of  the  f.>nl.  it  prfweeds  towards  it.  This  i«  tho  preliminary 
diflusion,  and  would  perh.^iw  be  mute  Uko  the  rcid  kinetic  process  if  we  suppose  that  the  anail 
was  insennble  of  the  existence  of  the  .strawberry  until  it  accidentally  came  into  contact  with 
it.  The  next  stage,  that  of  adiwrption,  follows  rapidly  aa  the  animal  attaches  itself  to  the  inut 
If  nothing  more  happens,  there  is  no  chemical  reaction.  The  final,  chemical  stage  is  ths 
devonrinft  of  the  food  and  its  subsequent  hydrolvsis.  It  is  obvious  that  the  rate  of  tliia  final 
stage  is  proportional  to  the  numljer  of  snails  "atlsorl>ed."  It  will  also  be  noted  that  it  is  not 
in  Unear  ratio  to  the  numljer  at  work.  The  more  there  are.  the  more  they  interfere  with  eoe 
another,  and,  when  the  strawberry  is  completely  covered,  tlio  a<Iv«Mif  i)f  more  snails  w  ill  not 
furth«»r  increa^f*  the  rate  of  disappearance,  since  the  newcomers  cannot  get  at  the  fruit._  The 
strawberry  here  vxirre^iponds  to  wie  enzyme  j  we  may  imagine  that,  inet<^ad  of  the  fhtit, 
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have  a   powerful  chemical  aubetance  which  induces  the  dibiotegratioa  of  the  anaija, 
tcpreaenting  the  snbafcrate,  which  are  adsorbed  on  its  surface. 

The  exponential  ratio  of  tlie  concentration  of  the  en7.\-me  to  its  activity  rfc»>iveM  a  satis* 
factory  explanation  on  this  jidsorptioii  theor\%  as  will  b«  plain  from  the  above  illustration. 

On.  the  other  hand,  it  seems  that  we  must  either  attribute  some  special 
properties  to  the  enzyme  surface  itself,  which  may  be  of  the  nature  of  configui-a- 
tion,  chemical  or  physical,  or  dse  we  mast  suppose  the  formatioii  of  an  inter- 
naediate  chemical  compoimd  between  enzyme  and  substrate^  to  be  afterwards 

broken  up  into  enzyme  and  products.  The  case  of  tlie  relation  bet^'^n  the  a- 
and  ^-glucosidp'5  to  maltase  and  emulsni  will  serve  to  «ht>M-  what  is  moaiit  liei*^. 
The  a-glucosides  are  scarcely  acted  on  at  all  by  emulsin,  perhaps  not  at  all,  but 
rapidly  by  maltase,  and  vice  versa  with  regard  to  the  /:?-giucosid6s.  2^uw  it  dotvj 
not.  seem  possible  that  any  .ordinary  surface  could  distingaish  to  audi  a  degree 
between  the  properties  of  two  sttbstances  ao  nearly  alike  as  the  *-  end  /3-^ucosidea 
of  methyl  are.  At  tho  same  time,  apart  from  their  <^>tiva1  isomerism,  thev 
have  certain  other  ditlerences,  solubility  for  example.  As  was  remarked  l)efore, 
until  we  know  more  a.H  to  the  possibilities  of  adMM^on,  it  would  l>e  rasli  to  be 
dogmatic  on  the  question. 

Aa  to  the  configuration  of  the  surface,  it  ui  quite  conceivable  that  a  particular* pattern,  no 
to  apeak,  may  allow  closer  approximation  of  reacting  molecules  than  another  pattern  does. 
As  a  very  roo^  iUuBtratiOQ,  a  surface  beset  with  projeotixig  ^kea  would  not  allow  so  oloae 
•n  approxiniation  of  a  flat  aorhkoe  as  would  another  flat  surfiaee.  We  must  be  careful,  however, 
not  to  be  misled  by  too  statical  a  conception  of  the  phenome:ia  Moreover,  there  nuiy  be 
true  chemical  oumoinatioa  with  the  actual  cktiMcal  tultstattu  qf  the  eur/ttet  oi  a  colloidal 
aggregate,  withont  the  phaoonMiia  losiiig  their  ehacaoteiMao  adsorptioa  nature*  See  alao 
Barger  and  W.  W.  Starlmg  (1915). 

For  further  disGiission  of  the  nature  of  enryme  action,  tiia reader  may.  consult  the 

author's  monograph  (1919,  Chapter  VII.).  The  process  is  evidently  a  special  case 
of  catalysis  in  heterogeneous  systems,  and  the  papei-s  by  Bancroft  (1918)  -hould  be 
read.  In  such  systems  the  rate  of  reaction  is  conditioned  by  the  umuuut  of 
reacting  sufaetances  adsorbed  on  the  surface  of  the  catalyst.  It  must  not  be 
forgotten,  howeTO*,  that  the  physical  properties  of  the  surface  on  which  adsorp- 
tion depends  are  the  result  of  the  chemical  nature  of  this  surface.  Whether 
adsorption  is  followed  by  chemical  combination  wirh  the  catalytic  material,  or 
whether  the  close  approximation  of  the  adsorbed  bubstanc^s  is  suthcient,  cannot 
as  yet  be  regarded  as  definitely  known.  At  the  same  time,  it  is  striking  how  more 
and  more  of  the  facto  are  beooihing  explicable  on  the  latter  basis.  It  appears 
probable,  moreow,  that  even  when  there  is  chemical  combination  with  the 
cntalysts,  this  is  not  necessarily  an  e^'^cntin!  factor  in  the  process  nnd  may  be  a 
di.-»turbmg  collateral  reaction.  There  is  need  of  much  further  wjrk  on  tlie 
question,  etipecially  with  re^jpect  to  the  eilect  on  the  final  equilibrium  of  different 
rdative  adsorption  of  the  constituents  of  the  liquid  phase.  The  papers  by 
Hiklitch  and  Armstoong  (1919)  contain  interesting  facts  relating  to  the 
equilibrium  io  the  case  of  metallic  catalysts  and  to  their  synthetio  activity. 

ZYMOGENS 

When  eosymes  are  produced  by  cells,  it  it  plain  that  they  must  pass  through  * 

preliminary  stages,  and  it  seems  that  what  are  called  zymogens "  constitute  a 
stage  of  this  kind.  Sometimes  we  find  the  enzymes  secreted  t-o  the  exterior  in 
the  inactive  form;  the  trypsinosren  of  the  pancreatic  juice  is  such  a  case;  it 
requires  the  action  of  another  enzyiue,  euterokiuase,  to  convert  into  active  trypsin. 
Details  of  the  phenomenon  may  be  found  in  my  monograph  (1919,  1)  and  to  some 
extent  in  the  following  chapter  of  this  book. 

We  must  note  the  diflference  between  a  zvmo'^en  and  an  enzyme  which  is 
inactive  on  account  of  the  want  of  its  co-enzyme.  The  conversion  of  a  zymogen 
into  an  enzyme  cannot  be  reversed  by  any  process  at  present  known  to  us,  wliereas 
the  coensyme  can  he  added  or  remoyed  at  will. 
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PRODXXOnON  OF  SNZYMES 

There  appears  to  be  some  evidence  ihat  enzymes  may  make  their  appearance 
in  response  to  the  presence  of  an  appropriate  stimulus,  or  Fsthw  snbstnte; 
Thus  Dudftux  (1899)  stated  that  Penicilliym  glaucuntt  grown  on  difforant  medii, 
prodncerl  enzymes  which  hydrolysed  these  media,  enzymes  which  were  absent 

in  otlier  cases. 

A  significant  point  with  regard  to  the  nature  or  m\zym^%  is  to  be  found 
in  their  occurrence  in  situations  where  they  have  never  had  the  opportunity, 
in  the  course  of  evolutioo,  of  meeting  with  their  special  substrates,  lactase  m 
the  almond,  for  example.   If  this  lactase  is  a  selective  enzyme  acting  only  cn 

lacto«je  it  must  have  been  produced,  accidentally,  as  it  were,  as  a  by-product  of 
metalx>Iism.    Otherwise  it  must  be  regarded  merely  as  an  incidental  property 

of  emulsin. 

• 

The  appearance  of  enzymes  in  the  blood  in  rcsnons«  t  )  injection  of  proteins  or  carbohvd rates, 
"protective  enzymes"  (Abderhalden  und  Kaptberger,  lUiU),  requires  further  inve«tigaiioD. 
Tliey  are  not  specific,  that  is,  a  partionlar  sugar  may  set  free  the  enzyme  which  hydrolytes 
it  or  another  in  addition.  They  are  prnhahly  set  free  from  some  situation  in  the  organism. 
The  production  of  an  enzyiuu,  not  tuuiiU  somewhere  in  the  organism,  has  not  been  shown  to 
ocour* 


SPECIliLiiY 

We  are  quite  jut»tifie(l  in  speaking  of  the  relation  between  the  a-  and  /i-gluoo- 
aides  and  uialtase  and  enmlsin  as  a  "  specific '  one,  although  the  difference 
may  be  merely  quantitative  as  we  shall  see  presently.  There  are.  however, 
many  degrees  of  specificity ;  emulsin  acts  on  a  great  vai*iety  of  glncosides,  trjfim 
on  all  proteins,  wbile  invcrtase  is  said  to  have  no  action  on  any  substance  bat 
cane-sugar.  This  last  fact  places  a  difficulty  in  the  way  of  acccptinsf  Bertrand's 
hypothesis,  at  letist  in  its  sirn}>le'^t  form.  Siiio^,  if  invertase  merely  activates 
acid,  it  should  be  capable  of  hydrolysing  maltose  and  lactose  as  well  as  saccharose. 

But  it  seems  to  me  that  the  practice  of  some  investigators  in  assuming  a 
separate  enzyme  for  every  substrate  acted  upon  is  not  warranted  by  the  facts. 
WJien  wc  say  that  there  is  a  salicinase  in  what  is  usually  called  emulsin,  if  we 
mean  anvthinix  more  than  that  emulsin  hydrolyscs  salicin,  we  are  going  beyond 
what  is  justified  by  the  experimental  evidence.  It  is  true  that,  under  some 
conditions,  extracts  containing  emulsin  may  act  more  powerfully  on  salicin  than 
upon  some  other  gluooside,  while  other  extraets  may  act  better  on  ^e  Utter;  bat 
it  has  not  been  shown  that  this  is  due  to  anything  other  than  differrat  oonditioiu. 
It  is  to  l>e  remembered  that  even  acid  will  liydrolyse  some  glucosides  much  morf 
readily  than  others.  Until  a  separate  enzyme  is  pi  t'pnred  which  acts  on  no  other 
substrate  but  salicin,  under  any  conditions,  the  name  salicinase  should  not  be 
used.  At  the  presoit  time  it  would  be  more  profitable  to  devote  attention  to  the 
various  ways  in  which  the  rate  of  acticm  of  an  enzyme  on  various  substrates  osn 
be  modified  by  ( hange  of  conditions  (Armstrong  and  Hortoo,  1912). 

Tlie  multiplication  of  names  may  even  be  mischievous  in  leading  to  the  Ijeliet 
*  Hiat  new  knowleflj^e  has  been  obtained  when  a  phenomenon  is  desciibed  by  a 
name  derived  h\nn  a  classical  tongue  instead  of  m  English. 

There  is  risk,  for  example,  that  when  we  ^ny  that  the  injection  of  a  foreign  protein  causes 
the  produotaon  of  a  "  precipitin  "  for  tlie  protein,  %ve  may  imagine  that  this  "  precipitin"  has 
been  shown  to  be  a  dehnit«  chemit  il  inrlividnal,  intitead  of  a  mere  description  of  the  fact  that 
a  precij>itat'e  is  formed.  The  "side-chain  theory"'  oi  Ehili  ii,  great  as  has  been  its  uw  in 
suggesting  problems  for  investigation,  is,  at  j>rt'st-iir,  i\ ti  Knr  Itnwl  with  multitudes  of  names, 
which  coii>i-t.  for  the  most  jwirt,  merely  of  descriptions  of  the  phenomenn,  although  they 
suggest  at'itml  substances.  There  are  njany  signs  that  one  or  two  simple  explanations,  oo 
th«  basis  of  ooUoidal  ofaoniatry,  will  be  found  to  pot  an  end  to  most  <»  thsse  nameib 

One  is  tempted,  indeed,  to  make  a  well-known  <juotation  from  Moliere  (1673). 
The  reader  will  remember  that  in  the  ballet  of  "  Le  Malade  Imaginaire,"  which 
ballet  is  a  satire  on  medical  examinations,  one  of  the  medical  students  singf 
(tome  V.  p.  306  of  Hachette  s  edition) : — 
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"  Mihi  a  ilacto  cioctore 
Domandatur  causam  et  ratioaem  quare 
Opium  fftdt  dormirai 
A  quoi  responddO, 
Quia  est  in  rvi 
VirtU8  duiuiitiva, 
Cujus  est  natura 
Sensus  ftsaonpire." 
Which  I  iDAy  Tantnre  to  translate  thus : — 

"  The  learned  doctor  asks  me 
The  cause  and  rea.son  why 
Opium  Hptids  to  sleep. 
To  him  I  uiak'p  re])ly, 
Because  there  is  ui  it 
A  virtue  dortnitive, 
The  nature  of  wliii  ]i  is 
The  senses  to  alUy." 

For  this  profound  an««wpr  the  catididato  rrM?eives  his  dipioma  with  acclamation, 

together  with  hia  licence  to  "  kill  and  to  cure." 

IncideutaUy,  I  would  call  attention  to  the  Cact  that  this  p|ay  was  the  last  written  by  ita 
rathor,  althooah  it  is  regsfdecl  by  naany  as  his  best  work.  This  £aot  may  bs  oommeikded  to 
the  attention  of  those  who  wish  to  prsveot  msn  at  any  partactilsr  sg9  from  taking  part  in  tho 
work  <  f  the  world. 

Oalil«o  was  oror  seventy  years  of  age  wla-ti  lie  wrote  one  of  his  best  works,  and  thought  out, 

ani'ing:^*  othttr  things,  the  apphcation  ot  the  pendulum  to  the  regulnrion  of  -  looks.  In  one  of 
Leeuwenhuek's  letters  we  hnd  the  words  :  "  A  certain  gentleman,  who  wan-  with  me  some 
roontha  ago,  faitreated  roe  to  go  on  in  making  obeenratioiu,  adding  that  the  fruit  whioh 
ripen'd  in  autnmn  wa-s  the  mo?t  U^ting.  This  is  now  the  autumn  of  my  life.  I  iH'iiig  arrived 
at  the  age  ot  88^  years  ''  (H.  G.  Plimmer,  1919,  p.  135).  Many  other  instances  might  be 
given*  iroiB  the  sphere  of  "  sction"  as  well  ss  that  of  scientifio  disooveiy. 

To  return  to  our  theme.  As  already  remarked  there  are  various  facts  which 
Me  calculated  to  give  tts  pause  before  accepting^  as  an  article  of  faith,  the 

doctririf"  the  perfect  specificity  of  enzymes.  They  will  be  found  in  my 
monograph  (1919,  1,  pp.  135-141)  by  those  interested.  There  are  one  or  two 
points  of  general  interest  which  may  be  meationed  here. 

Dttkin  (19<M)  found  that,  when  lipase  was  used  for  hydrolysis  of  the  optically 
inactive  mixture  of  the  two  mandelic  ethyl  esters,  one  of  the  isomers  was 
hydfolysed  more  rapidly  than  the  other,  although  finally  both  were  completely 
dcicotnposed.    This  was  brought  into  relation  with  the  probable  optira!  aetiWty 
of  the  enzyme,  so  that  the  "compounds"  of  this  with  the  two  form^  of  the  ester 
would  not  be  symmetrical,  and  would  therefore  decompose  at  an  unequal  rate. 
Siiiii]«r  facts  aie  deeerihed  by  Fajans  (1910)  with  regud  to  the  decompositioa 
of  the  two  camphor-carboxylic  acids  by  optically  active  hases,  acting  as  c  it:i]  \  4ts, 
and,  as  regards  synthesis,  by  Koseothaler  (1909)  in  the  case  of  emulsin  forming 
bpoznldehyde-cyanhydrol  (Bredig  und  Fiske,  1^12).    We  have  seen  that  there  are 
m&ny  cases  known  where  living  organisms  consume  preferably  the  one  isomer,  but 
when  tiiifl  has  disfippeared,  the  opposite  one  is  also  attacked.  Dos  and  NeidU  (1912) 
ehow  how  eKtcacta  of  Aspergillus  bydrolyse  hoth  a-  and  ^S^methyl  gluoosides,  but 
at  Ml  unequal  rate.    There  are  other  ca.ses  known  where  extracts  of  tissues,  which 
wore  <>r!':rinally  supp<^ged  to  contain  only  one  kind  of  enzyme,  say  maltase,  have 
been  found  to  act,  slowly,  on  the  opposite  isomer.    It  seems  to  be  simpler  to 
regard  these  as  due  to  a  alow  action  of  the  same  enzyme  on  both  isomers  than  as 
due  to  the  presence  in  traces  of  another  enzyme,  especially  when  this  other  enzyme 
is  one  which,  under  natural  conditions,  would  nevw  have  had  uiy  opportunity 
of  action..   Fajans  (1910)  has  shown  in  dq^iil  how  much  more  Satisfactorily  the 
various  experimental  data  can  i)e  explained  on  this  hypothesis. 

The  result*  of  Erletinu'yvr,  mentioned  above  (page  285),  show  the  poesibitit^  of  an  optically 
active  enzyme  acting  more  rapidly  on  the  appropriate  component  of  a  reoemio  mixture  if  an 
indifferent  optically  active  Hui>stan<:«>  is  pr«>.-i>  nt.  Such  a  ^ooess  of  ooovenioii  appears  to  be 
independept  of  ohemical  combination  in  the  usual  sense. 

II  A 
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SUMMARY 

There  are  a  large  namber  of  reactions  which  proceed  by  themflelTes  very 

dowly,  or  sometimes,  apparently,  not  at  all,  V)ut  whicli  can  l)e  enomiottaly 
accelerated  by  the  presence  of  small  amounts  of  various  foreign  substances 

The  characteristic  property  of  such  accelerating  ajents,  known  as  "  catalysts," 
i«5  that  they  do  not  form  part  of  the  system  in  its  tiiial  ('({uilibrium,  and  cither 
appear  at  the  end  in  their  original  form  or,  in  some  cases,  are  partially  dwtroyed 
or  removed  from  the  sphere  of  action  in  the  form  of  oonstitaenis  of  Bome  milNSdiarf 
reaction. 

When  th»  system  is  one  that  reaches  a  definite  equilibrinm  under  the  condition 

of  the  experiment,  the  position  of  this  equilibrium  is  unaffected  by  the  presence  or 
the  amount  of  the  catalyst,  whicli  moi-ely  hastens  the  time  taken  f or  the  prooeai, 

and  this  in  proportion  to  its  concentration. 

Two  important  things  are  shown  by  this  fact,  namely,  that  the  catalyst  does 
not  supply  or  remove  energy  from  the  system,  and  that  it  accelerates  both  the 
hydrolytic  and  synthetic  components  of  a  i*eversible  reaction. 

In  living  organisms  there  are  a  large  number  of  subst-ances  which  behave  iii^e 
catalysts,  and  are  known  as  "enzymes." 

They  are  extremely  active^  and  explain  the  occurrence  in  the  orguusm  of 

reactions  which  require,  in  the  laboratory,  powerful  reagents  and  high  temperatures. 

Lactose  is  hvdrolvsed  bv  both  hydrochloric  acid  and  bv  an  enzyme,  lactase;  but 
weight  for  weight,  the  latter  is,  at  least,  five  thousand  times  as  powerful  aa 
the  acid. 

These  enzymes  are  all  in  the  colloidal  state,  that  is,  they  form  a  separate  pha&e 
of  the  heterogeneous  system.  Their  action  is  exert«d  on  their  surface,  and  is 
controlled  by  the  amount  of  reagents  adsorbed. 

The  sobstadces  acted  on  by  en^mes  are  usually  called  *'  substrates.'* 

The  heterogeneous  nature  of  the  systems  in  which  enzymic  reactions  occur  is, 
in  all  probability,  the  reason  why  the  equilibrium  position  is  not  quite  the  ssns 

under  the  action  of  enzyme  and  under  that  of  acid.    But,  owing  to  the  almost 

complete  therrno-nentrality  of  the  hydrolytic  reactions  in  question,  an  extremely 
small  aiitount  of  energy  is  all  that  i>  necessary  to  change  the  equilibrium  to  the 
extent  found. 

Whenever  tiie  equiiionum  position  under  the  action  of  an  enzyme,  or  other 
catalyst,  is  anywhere  except  at  complete  change,  either  in  the  directioo  of 
hydrolysis  or  synthesis,  the  enzyme  must  accelerate  6o<A  reactions,  although  not 
necessarily  to  an  equal  extent.  This  relative  degree  of  acceleration  depends  on  ti)€ 
respective  chemical  difficulty  of  the  two  reactions  of  hydrolysis  and  synthesis. 

Ensymes,  therefore,  bring  about  synthesis  as  well  as  hydrolysis. 

Tliere  is  no  sufScient  evidence  that  the  enzyme  forms  a  constitaMit  of  the  final 

chemical  equilibrium. 

Since  the  essentia)  property  of  an  enzyme  or  catalv^t  is  to  rhan^^e  the  rate 
at  which  a  reaction  proceeds,  a  discussion  of  the  formulie  of  vel(x:ity  of  i-eactions, 
deduced  from  the  law  of  mass  action,  so  far  as  applicable  to  the  case,  is  introduced 
into  the  text. 

When  the  velocity  constant  of  an  enzymic  reaction  is  calculated  by  the 
appropriate  formula^  it  is  found  that  it  suffers,  as  a  rule,  considerable  diminutioo 

as  the  reaction  progresses.  This  means  that  the  activity  of  the  enzrnie  is 
decreasing.  In  some  eases  there  is  a  spontaneous  destruction  of  the  enzvnie,  in 
othere  it  is  merely  temporarily  paralysed  by  some  products  of  the  reaction.  In 
the  latter  case,  the  most  frequent  cause  is  change  of  the  hydrogen  ion  ooncentnr 
tion  to  a  point  above  or  below  the  optunal  one.  Enzymes,  in  fact,  aie  veiy 
sensitive  to  such  changes. 
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Some  evidence  hfis  been  brought  forward  to  show  tluit  there  is  a  special 
chemical  atiinity  on  the  part  of  the  enzyme  for  the  ^iubstrate  or  for  soma 
constituent  of  it;  but,  at  pi-esent,  the  evidence  is  not  very  convincing. 

The  relation  between  the  concentration  of  an  enzyme  and  its  decree  of 
activity  is  an  exponential  one*  as  would  be  expected  from  the  fact  of  its  acting 
by  its  surface.  Small  conoentrations  are,  relatively,  more  active  than  larger 
ones.  This  is  to  be  accounted  for  by  the  fact  that  the  rate  of  the  reaction  is 
iletermined  Tn*  the  >nnonnt  adsorbed.  If  i^-  ini]M><':il)]e  to  assign  f^  finite  numerical 
valut's  tu  the  exponents  of  difierent  reactions,  since  they  vary  with  the  rehitive 
concentration  of  enzyme  and  substrate.  In  tlie  middle  of  the  reaction,  witli 
the  usual  amount  d  en^me,  it  ifi  generally  just  below  -  3,  or  thereabouts.  Tliis 
is  the  square-root  law,"  which  ia  a  rough  approximation  for  a  particular  stage 
of  the  reaction. 

Tliei*e  are  certain  agents  which  affect  the  rate  of  enzymic  reactions  by  a  special 
action  on  the  catalyst.    Such  are  electrolytes,  co-enzymes,  and  "anti-enzvnics." 

Electrolytes,  especially  hydrogen  and  hydroxyl  ions,  have  a  powerful  effiBCtw  * 
Keutr.'il  salts  also  have  an  influence,  as  a  rule,  of  a  favourable  kind, 

Sttnie  enzymes  require  tiie  presence  of  another  substance  in  order  to  exert 
their  activity.  This  other  substance,  known  as  **  co-e^zyme, '  acts  in  a  different 
manner  in  di£brent  cases.  In  some  it  increases  the  active  surface  <rf  the  enzyme 
hv  greater  dispersion,  in  others  its  mode  of  action  is  more  qtecific  and  as  yet 
nb^ure. 

Tliere  is  considerable  doubt  whether  true  anti-enzymes,  whose  nature  is 
explained  in  the  text,  have  any  existence.  Some  of  the  efTVcts  described  as  being 
due  to  them  are  to  be  accounted  for  by  ciianges  of  hydrogen  ion  cone  i  ntrntion,  others 
to  adsorption  of  the  enzyme  by  a  colloid.  That  of  intestiuul  worms  m  a  peculiar 
substance,  having  none  of  the  properties  of  an  antibody  in  the  sense  <rf  the 
tiieory  of  immunity. 

Contrary  to  what  mass  action  would  predict,  it  is  only  in  moderate  concentia* 
tions  of  substrate  that  the  rate  of  reaction  ia  proportional  to  this  concentration. 
Alv)vp  a  certain  value,  differing  according  to  the  case,  the  velocity  of  the  reaction 
either  remains  constant  or  may  even  rlecreaHe.  The  cause  appeai-s  to  l>e  of  various 
nature,  viscosity,  adsorption-saturation  of  the  enzyme,  or  removal  of  water.  But, 
where  the  question  has  been  investigated,  the  composition  of  the  system  in 
equilibrium  is  as  the  law  of  mass  action  requires,  so  that  the  anomalous  effect  of 
increase  of  concentration  only  relates  to  the  rate  of  change. 

The  rate  of  enzymic  reactions  is  greatly  accelerated  by  rise  of  temperature. 
The  optimum  temperature  is  merely  that  at  which  the  increased  rate  due  to 
the  rise  is  in  .'reatest  preponderance  over  the  simultaneous  increased  rate  of 

destruction  ut  the  enzyme. 

The  importance  of  re;.mi'ding  reversible  or  balanced  reactions  from  the  dynamic 
point  of  view  is  insisted  ujon. 

The  law  of  mass  action  shows  that,  in  order  lo  <»btain  much  synthesi'-i, 
concentration  of  water  must  be  decreased  as  far  as  possible.  In  the  living  cell 
there  are  probably  effective  mechanisms  for  doing  thia.  At  the  same  time,  if  tlie 
synthetic  products  are  continually  removed  in  any  way,  a  small  d^ee  of  synthesis 
may  result  in  a  considerable  amount  of  products,  since  the  reaction  is  always  going 
on  towards  it-^  equililtrium. 

There  is  no  eviilence  for  the  existence  of  enzynies  which  either  hydrolyse  only 
or  synthesise  only.    In  fact,  if  enzvnie.s  are  catalysts,  the  one  agent  must  do  both. 

It  is  possible  that  an  intermediate  chemical  compound  may  be  formed  between 
the  surface  of  the  enzyme  and  the  substrate  preliminary  to  decomposition,  but 
there  is  no  actual  evidence  that  such  is  the  case. 

The  reacting  substances,  such  as  water  and  substrate  in  a  hydrolytic  reaction, 
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are  certainly  brought  into  very  int  wimt  -  contact  hy  adsorption  on  thf»  surface  of  ih^ 
eDzyme,  and  the  (question  b  still  an  open  one  as  to  whether  this  fact,  combiueu 
with  the  specMl  nAtare  of  the  surface  itself,  is  nofc  •  aaffioient  explanatka  of  the 
increased  rate  of  reaction.  The  special  nafcare  of  the  surface  referred  to  may  he 
merely  physical,  but  the  action  of  particular  ensj^mes  on  particular  sobetratea  has 
to  be  aocoaoted  for. 

The  interaction  of  electrical  forces  in  the  action  of  neatiml  salts  on  adsorption 
is  to  be  taken  into  account. 

The  chemical  nature  of  enzymes  is  probably  very  varioos.  There  is  direct 
eTidence  that  some  are  not  proteins,  and  it  is  doubtful  whether  any  arei  Some 
appear  to  be  complex  systems  of  colloids  with  inoi^nic  cmnponents^  or  other 

simple  compounds. 

There  are  three  stages  in  heterogeneous  reactions — diffusion,  adsorption,  and 
chemical  reaction.  The  actual  rate  of  the  reaction  depends  on  the  slowest 
member  of  the  series.  In  colloidal  .solutions,  ditlusion  and  adsorption  are  rapid.  >o 
that  the  chemical  reaction  proper  is  the  determining  one,  a  fact  which  accounts 
for  the  high  temperature  coefficient  But  the  rate  of  the^chemical  change  itself 
is  determined  by  the  amount  of  suhsttmte  adsorbed  at  a  given  moment,  according 
to  the  law  of  mass  action. 

Some  enzymes  can  be  ohtained  in  a  stage  of  formation  in  which  they  are 

inacti\e,  and  are  then  known  as  "symogens."  These  are  converted  by  certain 
agents  into  the  active  enzymes,  a  ehange  which  does  not  appear  to  be  revernfala. 

While  many  enzymes  seem  to  be  very  specific,"  or  selective^  in  that  their 
effBCt  (MU  one  particular  substrate  is  very  much  greater  than  on  any  other,  it 
is  necessary  to  be  caiitious  in  sussumin;^;  this  as  being  unconditional Iv  truf 
Further  investigations  are  needed  of  the  changes  in  the  action  of  enzymes  pro- 
duced by  different  conditions.  There  is  also,  in  many  cases,  evidence  tlmt  the 
same  enzjrme  may  act  on  different  subatiates  at  such  diment  rates  that  it  appears 
to  act  only  on  one,  unless  prolonged  observations  are  made,  but  the  reason  why 
the  rate  is  faster  in  the  one  case  requires  elucidation.  Optical  isomerism  certainly 
plays  a  part. 
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SECRETION 

Wk  have  seen  in  the  preceding  chapters  how  important  is  the  function  of  enzymet 
in  the  regulation  of  tl,e  clieraicftl  changes  of  linnt;  (>r«fani«m«.  Now  there  is  a 
liquid,  one  amongst  uthers  of  tlie  same  class,  and  known  as  rhe  pancreatic  juice, 
vhich  is  formed  by  the  cells  of  a  certain  organ  and  poured  into  the  cavity  of  the 
iotertine.  Its  chief  properties  are  dae  to  the  vmriety  of  enzymes  which  it  co&taiiUy 
although  there  are  other  substances  preeent.  It  may  be  coatidered  as  a  typical 
case  (it  'iecretion.  Tlie  cells  of  the  pancrca"^  ]>roduce  substances  which  are  not 
present  in  the  KIockI  bathing  them  and,  at  the  same  time,  they  separate  water 
from  the  blood  in  order  to  carry  off  these  substances  in  solution.  Along  with  the 
vater  we  find,  as  a  role,  some  other  ooiutitaents  of  the  blood  transferred  to  the 
ffocn^km,  espedally  difiusihle  salts^  such  as  sodium  chloride. 

Thene  aiie^  bovever,  included  under  the  general  name  of  secretion,  the  activities 
of  such  an  organ  as  the  kidney,  whose  chief  function  is  to  separate  from  the  blood 
certain  products  of  metabolism,  such  as  urea,  which  would  be  injurious  to  the 
orgamsuj  unless  removed.  There  are,  mor€K)ver,  the  so-called  "  internal  secretions," 
when  sobetanoes  having  special  actions  on  other  parts  of  the  organism  are  formed, 
bfot^  instead  of  leaving  the  cells  in  which  they  are  product  by  a  surface  in 
connection  with  a  special  channel,  the  duct  of  the  gland,  they  are  sent  in  the 
other  direction  into  the  blood  current.  In  such  cases,  materials  supplied  by  the 
blo*xl  are  coDvprted  by  the  organ  in  question  into  "chemical  messengers"  or 
"hormone'^,  "  and  returned  to  the  blood  in  this  altered  form. 

It  will  thus  be  been  that,  under  certain  aspects,  the  proceb^  of  secretion  is  a  part  of  the 
general  eell  flAefeabolisin ,  especially  in  the  cam  cf  the  internal  secretions  The  manner  in 
which  ti  e  pii^j-aire  of  water  is  effected  in  the  case  of  the  typical  external  secretions  is  a 
question  '-i  umch  interest,  together  with  the  way  in  which  it  is  regulated.  The  influences 
at  vork  caasing  the  prodoetum  of  the  apeoifie  'contents  cf  the  aeeratiaa  will  also  require 

our  conskleration. 

Li  the  pre^ut  state  of  knowledue,  it  is  imposiiible  to  treat  the  hubject  frooi  a  re&IIy  general 
point  of  view.  Perhaps  we  may  look  upon  the  transfer  of  water  from  the  blood  to  the  secretion 
A8  a  property  common  to  the  majority  of  cases,  so  that  this  phenomenon  ^vill  be  discussed  in 
Uie  first  place.  It  will  afterwards  be  necessary  to  take  special  instances,  and,  aa  far  as  possibly 

ddM  atteBtiaD  wiU  be  given  to  those  points  of  most  genoal  application. 

SEOBEXION  OF  WATER 

The  most  obvious  hypothesis  to  make  is  that  the  layer  of  oells  forming  the 
Qembrane  intervening  Detween  the  blood  vessels  and  the  lumen  of  the  dnet  has 

*He  properties  of  a  semi-permeable  membrane,  so  that,  supposing  the  pressure  in 
the  bl(XKl  vesjscls  to  be  higher  than  the  osmotic  pressure  of  the  blood,  purf*  water 
▼ill  be  forced  through.  But  the  oj>motic  pressure  of  the  blood,  as  we  have  seen 
(page  165;,  is  as  high  as  6  5  atmospheres,  or  5,000  mm.  of  mereory,  whereas 
2<  '<j  mm.  of  merennr  is  a  high  value  for  the  blood  pressure.  Such  a  hypothesis  is 
clearly  an  impossible  one.  But  it  is  very  rarely,  if  ever,  that  a  secretion  consists  of 
p'jre  water,  so  that  the  diffprpn<-e  of  r^inotic  pressures  is  less  than  tliat  pven.  li 
the  membrane,  or  one  of  the  membranes,  is  permeable  to  the  crystalh)i«ls  but  not 
to  the  colloids  of  the  blood,  such  as  a  gelatine  membrane,  a  very  much  lower 
^vMd  pressure  will  suffice  to  filter  off  a  solution  containing  all  the  crystaUoid 
conpooents  of  the  blood,  in  the  same  concentration  as  in  it.  We  shall  presently 
MS  lesson  to  believe  that  this  is  the  case  with  the  "glomerulus"  of  the  kidney, 

m 


Digitized  by  Google 


534 


PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


where  the  liquid  secreted  i3  blood  plasma  minus  its  coUoicU.  Certain  cryitaUoids 
adsorbed  on  the  colloids  may  be  held  back  by  the  latter. 

Although  the  aeoretion  ol  water  in  general  is  not  a  simple  process,  there  are 

grounds  for  hold- 
ing that  osmotic 
phenomena  ]»lav 
an  important  part 
in  it. 

We  have  seen 
(page  163)  how  & 
tul>e  containing  a 
solution  of  soiue 
substance,  dosed 

Fig.  88.   Alveoli  op  serous  gland  or  RABBir.^IVesh,  without  any    ^  by  a 

addition.  All  figures  from  tlie  same  gland.  The  bonodsriea  membrane  imper- 
between  the  cells  are  made  too  ubvious  in  alL 

A,  At  rest. 

B,  l  i:<  h c  urs  inrer,  af tf  r  3^5  aa  «f  MOivs  lud  btw  MONtod  tudw  ttw  iBflomot  of 

pUocarpme  in  somH  itosea. 

e,  Plv»  how*  later  than  A.  titer  atltnvlatiM  ol  the  syniimthetic  nene  for  about  two 
bpoiib  witb  Intemde  ol  reit.  L«  Mttva  Mar«te<i.  The  nuoloi  ehouid  noc  be 
dwwn  M  deoriy,  Atthoogh  thejr  ore  uaotaetiTed  i>\  i,'raiiuiee. 


(Latiuley,  Journ.  q/' Physiol..  2, 
PL  7.  Figs.  1,2,  and  4.) 


nieahle  to  the 
solute,  and  at  the 
other  entl  In*  a 
membrane  per- 
meable to  it,  an<i 
i  ni  ni  e r s e d  in 
water,  jrives  a  eon 
tiuuous  curreui 

.        ,  of  water,  or  rather 

ution,  issuing  from  the  permeable  end,  as  long  as  any  osmoticallv  active  sub- 
stance is  left  in  the  tulx?.  Such  a  mechanism  has  h»en  de8cril>ed  by  Lepeschkio 
(1906)  in  the  fungus  Filoboliui,  and  in  the  hydathodoa  of  higher  plants. 

If,  therefore,  we  are 
justified  in  assuming 
that  the  secreting  oells 
of  such  orjjans  as  tlie 


so 


»».•.•. 

4%  .   »  ♦ 


•  •  • 


•  •  • 


salivary  glands  or  the 
pancreas  are  possessed 
of  a  membrane  on  the 
ends  next  the  blo(xl 

vessels  of  suv  h  a  kind 
as  to  l>e  impermeable 
to  some  substances  pro- 
dnoed  in  the  cells,  while 
on  the  ends  next  the 
duct  the  membrane  is 
permeable  to  these  sub- 
stances, we  can  account 
for  a  flow  of  water  as 
long  as  these  osmoti- 
cally  active  substances 
are  being  formed. 
Tliey  are,  of  course, 
carried  out  with  Uie 
seoretion  through  the 
membrane  permeable 
to  them. 

When  the  secretion 

has  an  osmotic  pressure  higher  than   that  of  the  blood,  it  is  clear  that  a 
mechanism  as  simple  as  that  described  is  insufficient,  and  additional  coupli 
cations^  so^salled  **  protoplasmic  activities,"  must  intervene,  in  order  to  aflbrd  the 

energy  necessary  to  raise  the  osmotic  pressure.  Moreover,  in  any  case,  except 
simple  filtration,  the  iiit'clianism  in  question  requires  the  rontinuous  productioD 
in  the  cells  of  osmotically  active  substances.    The  oemotic  pressure  of  milk,  bile^ 


Fio.  89.   8EB0US  QLANO  OF  THE  HUMAN  TOXGUE. —Fixed  prepen- 
tion.    Diagrams  of  the  series  of  fnnctional  states  (a  to  0 

from  the  charged  resting  state  through  activity  to  the  state 
of  rest  again  {h).   According  to  the  work  of  Zinunermaun. 
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Fio.  90.    Alveoli  of  the  rabbit's  pancreas,  LmNO, 

IN  SITU. 

a,  Inner  annular  tone. 

h.  Outer  transparent  zone,  with  faint  striation  in  D. 
e.  Lumen  of  alveolus,  olivious  in  B,  indistinct  in  A. 
d.  Indentation  at  Junction  of  two  cells.  re«»iltint;  from  decrease 


in  volume. 


(Kilhne  and  Lea.) 


saliva,  and  sweat  is,  in  fact,  lower  than  that  of  the  blood,  but  urine,  us  it  leaves  the 
kidney,  has  an  osmotic  pressure  considerably  higher  than  that  of  the  blood,  owing 
to  increase  of  concentration 
as  the  filtrate  from  the  glom- 
eruli passes  along  the  tubules. 
Osmotic  work  must  therefore 
Ije  done  by  the  kidney  cells. 


The  reader  will  probably  not« 
that  a  mechanism  the  reverse  of 
that  sketched  al)ove,  namely,  celh 
with  their  permeable  and  semi- 
permeable membranes  interchanged 
in  position,  would  account  for  ab- 
K>rption  of  water  fron>  such  cavities 
as  that  of  the  intestine. 

A  fact  which  points  to  the 
intervention  of  osmotic  pro- 
cesses in  the  secretion  of  water 
is  the  discovery  of  Ludwig 
(1851)  that  the  pre.ssure  in  the 
duct  under  which  saliva  still 
continues  to  be  secreted  is  con- 
siderably higher  than  that  in 

the  arteries.  Hill  and  Flack  (1912)  found,  with  an  arterial  pres.sure  of  130  mm. 
of  mercury,  a  pressure  of  saliva  as  high  as  240  mm.  of  mercury.    This  pressure 

might  be  brought  about  either  by  the  priKluc- 
-  -  •  tion  within  the  cells  of  osmotically  active 
substances,  in  conjunction  with  a  membrane 
impermeable  to  them,  and  situated  next  the 
blcKxi  vessels,  or  by  some  process  of  imbibi- 
tion, by  which  swelling  of  some  constituents 
of  the  cells  takes  place.  It  is  more  dithcult, 
on  the  latter  view,  to  see  how  a  continuous 
secretion  could  be  provided  for. 

Changes  in  the  Microscopic  Apj^arauce  of 
gland  cells  might  perhaps  be  e.vpectal  to 
throw  some  light  on  the  question  l)efore  us, 
but  the  interpretation  of  those  phenomena 
which  liave  lieen  observed  is  not  an  easy 
matter.  For  details,  the  reader  is  referred  to 
the  article  by  Metzner  (1907,  1).  It  must 
sutMce  to  mention  here  that  it  appears  to  be 
almost  universal  that  granules  ("zymogen" 
granules)  make  their  appearance  in  the  more 
or  less  homogeneous  protoplasm  of  the  resting 
cell,  and  slowly  increase  in  size.  When  the 
gland  is  excited  to  secretion,  these  granules 
usually  undergo  a  process  of  solution,  and  are 
regaiiled  as  the  source  of  the  special  con- 
stituents of  the  .secretetl  fluid.  Sometimes 
the  granules  pass  directly  into  the  secretion 
without  preliminary  solution.  It  is  con- 
ceivable that,  in  the  breaking  up  of  these 
granules,  substances  of  a  much  smaller  mole- 
cular weight  and  higher  osmotic  pre.ssure 
than  themselves  might  be  formed.  During  the  process  of  continuous  secretion, 
it  is  clear  that  the  granules  must  l>e  renewed,  although  it  is  not  difficult  to 
obtain,  by  artificial  stimulation  of  the  gland,  a  nearly  complete  disappearance 
of  the  granules,  those  that  are  left  l)eing  situateil  next  the  lumen  of  the  duct, 
figs.  88  to  90  show  this  result  in  different  ca.ses.   See  also  Fig.  92  on  page  347  Ijelow. 


Fio.  91.    Ax  acints  of  the  sra- 

M AXILLARY   (JLAND  OF  MAN  (EXE 

crTED). — Fixe<l  and  stained  by 
Flemraing's  method.  Obj.  '2  mm,, 
Oc.  8, 

t,  ErgMtoptam. 

6,  Secretory  CApilUries. 

(Garnier,  "Cellules  glandulaires 
Bereuses,"  Nancy,  1899,  Fig.  16.) 
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After  activity  the  cells  are  seen  to  be  diminished  in  volume.  Banch  (1900) 
showed  that,  when  the  submaxillary  gland  is  caused  to  Sf'creto,  there  is  a  rapid 
derreasf  in  volume  of  the  whole  gland,  although  the  Bimultaneous  vasciiUx 
dilatiitic»n  in  itself  produces  an  increased  volume. 

In  cells  which  have  been  fixed,  the  granules  referred  to  stain  with  the  BO-called  **a<nd,* 
that  is,  electro-negative  dyes,  such  as  eosin  and  acid  luchsin.  They  behave,  therefore,  like 
electro-pooitive  c^oids,  and  in  an  oppoeita  way  to  the  genecal  maw  of  the  oeli  protorixm  aad 
the  nnoleut.  Thnre  is  alto  frequently  to  be  Men  what  appean  to  be  a  specially  differentiated 
part  of  the  cytciplasni,  known  as  "  k i tioplasra '*  or  "  crgastoplasra,"  staining  deeply  •«  ilL 
"  baaio"  dyes.'  This  is  shown  in  Fig.  91.  Aooordtng  to  Laguesse  and  Debeyre  (1912)*  the 
dye  known  as  JaniiB>green  brings  out  the  fihunents  of  ergastoplasm  in  tlia  freah  oell«  so  th«k 
they  set  m  to  pre^^ent  in  the  living  cell,  and  not  to  be  }  >roduQed  by  the  fixation  proceaps. 
This  dye  also  stains  a  Uttle  cap  of  matter  on  each  zymogen  granule,  which  is  itaelf  unstained. 
Soma  inrther  partieulan  with  regard  to  morphological  diugw  in  gland  oeils  will  he  foosd 
below,  in  the  oisenssion  of  the  panereatio  aeeretion. 

That  there  is  a  change  of  permeabUUff  in  the  secreting  cell  is  indicated  by  tiw 
experiments  of  Garmus  (191  l')  referred  to  above  (page  140).  Under  atropine, 
which  paralyses  the  secretorv  process,  the  j;land  cells  are  le^s  perniea)>Ie  to  <ly€ss 
than  when  secreting  under  the  mliueuce  of  pilocarpine.  According  lo  Ciiidemeister 
(1913),  the  cell  xnembrane  of  the  Bweat^glaoda  beeomee  more  permeable  when 
actiWty  is  brought  about  by  stimulation  of  the  nerves  to  the  glands.  Tliis  is 
indicat<^d  by  the  diminution  of  galvanic  polarisation,  presumably  due  to  increase 
of  permeability  of  the  membrane  to  ions,  in  a  way  similar  to  that  described  abovie 
in  the  caae  of  Congo-red  and  parchment  paper  (page  161). 

According  to  Macallmn  (1911,  p.  644),  diferencea  (ff  <h2m»«Im«i^  due  to  surface 
tenaion,  play  a  part  in  secretory  processes,  l^tking  the  dist^nratioil  of  potaannm 
as  an  index  to  that  of  the  other  cell  constituents  which  lower  surface  tension,  be 
finds,  in  secretory  cells,  that  there  is  considerable  accumulation  of  thi*;  ^'iKst^nce 
at  the  cell  surface  next  the  lumen.  It  seems  po^^sible  that  this  tact  may  play  a 
part  in  the  trantifer  of  substances  from  tihe  body  of  the  cell  to  the  lumoi  of  the 
duct»  although  it  is  difficult  to  understand  how  adsorbed  substances  can  play  a 
part  in  the  processes  of  osmosis  or  diffusion,  since  they  are  held  by  sni&oe  foroes. 
In  connection  with  th^*  remarks  made  above  (page  335)  on  the  possible  relation 
between  secretion  and  a  i  s  orption,  it  is  interesting  to  not-e  that,  in  intestinal  cells 
engaged  in  absorption,  the  greater  accumulation  of  pota^isium  is  at  the  end  oppfMite 
to  the  lumen  of  the  intestine.  During  absorpticm  of  faX,  also,  it  has  bsea  notiosd 
that  the  cells  '»f  the  intestinal  villi  show  a  greater  accumulation  of  fst  dropletB  at 
their  attached  ends. 

THE  GLOiMERULUS  OF  THE  KIDNEY 

It  wa«  pointed  out  by  Tammann  (1S96)  that,  if  the  arterial  pressure  exceeds 
the  osmotic  pressure  of  the  blood  colloidii,  while  the  membrane  of  the  glomerulus  is 
impermeable  to  these  but  permeable  to  crystalloids,  then  a  solution  will  be  filtered 
through  containing  all  the  latter  as  in  the  blood,  but  devoid  of  odkods.  Tammann 
obtauMd  incorrect  valuer  for  the  osmotic  pressure  in  question,  but  Starling  (1B99)^ 
by  making  use  of  Martin's  gelatine  filter,  prepared  the  colloid  free  filtrate  from 
senmi  and  conipareil  the  osmotic  pressure  of  the  original  seruiu  against  it,  thus 
obtaining  the  osmotic  pressure  of  the  colloids,  which  amounted  to  about  30  mm. 
of  mercury.  As  pointed  out  above,  this  was  the  first  definite  proof  that  colloids 
could  have  a  measurable  osmotic  pressure.  It  has  long  been  known  that  the 
secretion  of  urine  tops  when  the  arterial  pressure  falls  below  30  to  40  mm.  of 
mercury  and  Starling  brought  the  two  facts  intt)  relationship.  He  also  measure<l 
the  difference  between  the  pressure  in  the  ureter  and  the  arterial  pressure, 
when  the  former  was  gradually  raised  until  secretion  ceased*  At  this  point  the 
ureter  pressure  was  92  mm.  of  mercury  when  the  arterial  pressure  was  183  mm. 
of  mercury,  a  difference  of  41  mm.  of  mercury.  It  will  readity  be  seen  that  the 
rate  of  filtration  under  a  crivpn  blood  pressure  will  be  increased  by  reduriTi-j 
the  osmotic  pressure  of  the  colloids,  by  dilution,  for  example.  Such  a  dilution 
can  be  produced  by  the  injection  of  hypertonic  solutions,  say  of  glucose,  into 
a  vein;  the  effoct  is  the  withdrawal  of  water  from  the  tissues  into  the  Uood» 
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*  state  known  as  "  hydretmia  "  or  "  hydrsemic  plethora."    The  same  result  can  be 

brouq^ht  about  more  simply  by  tlie  injf  tit  n  of  a  quantity  of  isotonic  saline  In 
VK»th  oi,'^*  '^  -i  large  rise  in  the  rate  of  urinary  seci'etion  results.  It  was  furili*  i 
shown  by  Jiuowlton  (1911)  that  if  a  colloid,  such  as  gelatine  or  gum  acacia,  was 
added  to  the  salin^  so  that  the  oonotie  preesure  of  the  oolkrfd  added  was  equal  to 
that  of  the  serum  colloids,  injection  of  such  solutions  caused  scarcely  any  increase  of 
flow.  Again,  Barcroft  and  Straub  (1910),  by  the  ingenious  device  of  replacing  a 
great  p^n  t  of  the  blood  plasma  by  Ringer's  solution,  retainint;  the  blood  corpuscles 
to  supply  oxygen,  were  able  to  obtain  a  greatly  increased  rate  of  secretion  without 
rise  of  blood  pressure. 

The  experiin«nt  is  of  tuffioient  inters  to  be  deeorlbed  in  more  detaiL   A  rabbit  with  a 

blood  pressure  of  95  nun.  of  mercury  "was  secreting  0  05  c.c  of  urine  per  minute;  22  c.e.  of 
biood  were  removed,  and  replaced  by  25  cc.  of  Binger'B  solution.  The  Mcretion  rose  to  0*4  co. 
per  minute,  with  a  blood  pressure  of  fi8  mm.  of  mercury.  Tlie  blood  which  bad  been  removed 
WAS  centrifuged,  the  corpuscles  washed,  and  made  up  witli  Tli  u^orti  bolution  to  the  volume  of 
the  bl€»od  withdraws.  This  was  iheo  inieoled ;  the  olood  urettsiu^  rose  to  tt4  mm.  of  meroury» 
nearly  m  hi|^  as  it  was  originally,  while  the  flow  of  ur&e  rose  to  2*30  co.  per  minute,  or 
nt«rl\  fifty  limc^:^  fu*  rapid  as  tlie  original  one,  and  six  time*  as  rapid  as  that  after  ^iniyilc 
salute  Lujectiuu  to  rejplace  the  volume  of  the  blood  taken  out.  The  authors  pomt  out  the 
poeeibility  of  great  variations  in  the  necessary  filtration  preeaare  by  comparatively  small  changes 
in  thr  -motic  pressure  of  the  colloids.  Thus,  suppose  the  prepsiu-e  in  the  glomerular  blood 
vet^^els  to  be  27  mm.,  and  the  osmotic  pressure  of  the  colloids  to  be  25  mm.,  the  prestture 
available  for  filtration  would  be  2  mm.  suppose  the  osmotic  piessare  of  the  ooUoiaB  to  be 
rrducecl  by  one  fifth,  m  that  it  becomea  2D  mm.,  then  the  filtration  preseore  beoonea  7  miii.» 
or  3  d  Liuaeb  as  greal  as  before. 

From  these  various  experimpnts  it  is  clear  that  the  filtration  hypothesis  is 
capable  of  accounting  for  the  production  of  a  \u-ine  which  is  equivalent  to  the 
.  Uood  plasma  miniia  its  colloids. 

U  the  glomemUur  process  is  merely  a  filiation,  it  is  clear  that  what  w<wrk  is 
required  for  it  is  afforded  by  the  blood  pressure,  in  other  words  by  the  hearty  so 
that  tVic  oells  of  the  glomeruli  take  tio  part  in  the  perfommnce  of  work,  Barcroft 
and  Straub  (IDlU)  have  ma(ie  observations  on  the  oxygeu  consumption  of  the 
kidney  which  conhrm  thiu  point  of  view.  No  incrca&e  in  the  oxygen  contiumed 
oocarred  when  the  increase  of  secretion  was  brought  about  merely  dilution  of 
the  blood.  We  shall  see  presently  that  where  work  has  to  be  done^  increased 
oxygen  is  consumed  in  order  to  give  energy  by  oxidation. 

A  subsidiary  point  of  interest  in  this  connection,  which  also  gives  support  to  the  filtrntion 
theoiy,  is  that,*  if  theru  were  some  special  function  of  the  cells  of  the  glomeruius  in  the  nature 
of  telMtive  secretion,  the  kidney  would  not  continue  to  turn  out  an  important  salt,  snob 
a?  ■-•xlinm  chloride,  when  the  organism  liae  l>een  denrivwl  of  it  in  the  food.  Cohnheim's 
experiment*  (191'2,  p.  WJ)  show  that  the  conlrai-y  is  the  case.  On  the  filtratiou  lu'pothesis, 
•ooiiim  chloride  mui't  appear  in  the  liquid  leaving  the  glomerulus  as  long  as  there  is  any  of  it 
free  in  the  blood.  We  ehaU  aee,  bowevert  tbat  it  may  be  reabsorbed  to  a  oonnderable  extant 
in  the  tnbule«<, 

A  certain  difficulty  must  not  be  overlooked.  The  urine  of  the  frog,  and  of 
water  animals  m  general,  it  leaves  the  kidney,  lii  of  a  lower  osmuUc  preasure 
than  that  of  the  serum  minus  its  colloids.  After  copious  drinking  o{  watery  fluids, 
this  may  also  happen  in  man.  It  is  to  be  remembered  that  we  have  no  direct 
knowledge  of  the  eompf  -ition  of  the  solution  as  it  leaves  the  glomerulus  in  such 
cases,  and  it  is  known  mat  the  tubules  are  able  to  absorb  valuable  stuffs  from  the 
glomerular  filtrate  as  it  passes  over  their  cells ;  although,  when  the  fiow  is  very 
rapid,  there  does  not  seem  to  he  much  time  given  for  the  proeesa.  .  It  has  been 
held  that  the  tnboles  secrete  water,  but  there  does  not  seem  to  he  any  evidence 
for  this.  The  functions  of  the  tubules  will  be  discussed  later,  and  we  shall  see 
that,  on  the  view  for  which  Cushny  (1917,  p.  143)  brings  powerful  evi<len<-f',  the 
tubules  absorb  a  tluid  wiiich  is  practically  identical  with  Lockes  liiuger  solution, 
so  that  if  the  glomerular  filtrate  is  more  dilute  than  normal  it  becomes  still  further 
diluted  by  the  removal  of  solution  which  is  more  concentrated  than  itself. 

Brodie  (1914)  calculates  tLij.i  iho  pressure  required  to  drive  urine  down  along  the  tubules 
St  tile  rate  <rf  diuresis  is  practically  identical  with  the  Vilood  pressure  in  the  glomeruli,  so  that 
only  one  or  two  millimetreH;  at  moBt  would  be  available  for  a  nitration  pressure.  The  difficulty 
of  aooepting  the  calcuklioa  rests  on  the  fact  that  the  fourth  power  of  the  raiUus  of  the 
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capillary  tube  enteis  into  Poi^t-uille's  furniula,  which  %va«  u?ed,  m  that  a  slight  cliffereDce  in 
this  value  wuuld  make  a  In  ge  ur.u  iti  the  reault.  and  Bro<lie measurements  are  made  on  & 
kidney.  Apart  trom  this,  it  is  verj'  difficult  to  believe  that  ft  prsMure  of  83  mru. 
of  mercury  coulcl  exist  in  the  glomerulus  end  of  the  tubule  without  causing  great  dilatation. 
If  this  distension  were  prevented  by  the  resistance  of  the  capsule  of  the  kidney,  it  would  surek 
result  in  obstruction  of  the  capillaries  and  veins.  There  is  no  evidence  of  a  strong  muscular 
coat  to  the  tubules,  such  as  tbere  is  in  the  art«dolM  ol  tbe  glomerulua.  The  conolnsi<  >n  Hrawa 
by  Brodie  from  his  calculation  i«  that  the  glomettilus  roust  be  an  actively  secreting  •  ir^an  for 
water,  and  that  the  water  is  driven  on  in  some  wiiy  hy  the  aid  of  Mik:x1  pre-^sure.  Hut  if  we 
grant  that  the  cells  act  as  secreting  oigans,  like  those  of  the  salivary  glaods,  why  is  it  neoessacy 
to  Mtoiae  any  fottber  driving  pressnre  * 

THE  WORK  DONE  IN  SECRETION  AND  THE  CONSUMPTION 

OF  OXYGEN 

Altihough  the  glomeralar  filtrate  of  the  kidney  has  no  higher  osmotic  pressure 

than  that  of  the  blood  plasma,  it  is  well  known  that  the  urine,  as  it  leaves  the 

kidney,  has  a  much  higher  molar  onecntratinn  Work  must  therefore  l>p  done 
in  the  total  process.  This  work  can  be  cak-ulated  in  the  way  indicated  in  a. 
previous  chapter  (page  33^,  and  will  be  d^ribed  presently. 

(jktfmoeil  Work. — In  toe  production  of  the  special  constitttenta  of  anysecre^oD, 
chraiieal  work  must  be  done  by  the  gland  cells.  Moreover,  the  source  of  the 
energy  required  for  their  osmotic  work  has  also  its  origin  in  chemical  reactions 
in  the  cell  systems.  We  have  no  direct  way  of  measuring  this  work,  Vnit  the 
amount  of  oxygen  consumed,  or  the  carbon  dioxide  given  off,  by  the  gland  id 
different  states  of  activity,  gi%'^  us  valaahle  indirect  information.  The  energ? 
at  the  disposal  of  the  cells  is  derived  from  the  oxidation  of  substances  of  high 
chemical  potential  to  substances  of  low  chemical  potential,  such  as  carbon  dioxide 
and  water.  In  the  process,  a  p«rt  of  the  fvo^  enerijy  is  degraded  to  heat  an«l 
carried  off  hv  the  hloo*!  current,  so  that  it  is  laijtossiijle  in  practice,  at  all  events 
as  yet,  to  obtain  an  absolute  meaijureiaent  of  the  amount  of  work  required  to 
form  a  given  amount  of  secretion. 

0,<mntu:  Work. — It  is  advisable  to  give  some  further  details  of  the  methtxi 
of  calculatini;  this,  in  addition  to  those  already  given  in  a  general  foim  when 
discuHiiing  the  formula  for  the  isothermal  compression  of  a  gas. 

We  must  recollect  that  we  cannot  look  upon  the  uiine  as  merely  a  concen- 
trated glomerular  filtrate^  as  was  done  by  Dreser  (1892)  in  the  first  approximate 
calculation  <tf  the  renal  votk.  The  relative  proportion  of  the  oonstituent.s  n 
not  the  same.  For  example,  the  ratio  of  .sodium  chloride  to  urea  in  the  blood 
(or  glomerular  filtrate)  is  al>out  10  to  1.  whei-eas  in  the  urine  it  is  reversed,  an^i 
liecouies  1  to  2.  Thus,  while  the  osmotic  pressure  of  the  sodium  chloride  has 
only  to  be  raised  from  that  of  a  0*18  molar  solution  to  that  of  a  0*36  molar  one, 
or  about  doubled,  that  of  the  urea  has  to  be  raised  from  a  0*01  molar  strength  to 
that  of  a  0*4  molar  strength,  or  increased  forty  times. 

It  will  l)e  V)t"st,  however,  to  oVitaiii  first  the  work  done,  as  Dreser  did.  en 
the  supposition  that  we  are  dealing  only  witii  an  increase  of  concentration,  leamg 
for  the  pre.sent  the  fact  that  the  various  constituents  are  unequally  affected. 

At  we  outset  it  is  well  to  call  attention  to  the  fact  that  the  results  obtained 
by  such  methods  of  calcul  ition  are  valid,  whatever  be  the  exact  mechanism  hj 
which  the  process  is  brought  alxiut  in  the  organism. 

On  page  33  we  saw  that  the  expression  which  chives  us  the  work  done  in 
compressing  a  gas  isothermaiiy  from  a  volume  fj  to  a  volume     is — 

A-RTlog,^, 

or  -2-303.RTlog,o-\ 

R,  of  course,  can  be  expressed  in  any  convenient  units,  and  is^ 

0*0831  for  litre  atmospheres^ 

1-991  for  gram  calories, 
or  f'>r  kilogram  metres; 

according  to  the  units  in  which  the  work  is  to  be  expressed. 
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and  T  at  37*  a  b  310%  so  that— 

A  »    58*61  litoe  atmosphorea, 

1421 '4  gram  calorics, 
or     605 kilogram  metres 

The  same  expression,  as  we  saw  before,  applies  to  the  alteration  of  the  con- 
centration of  a  S()lutif)n  wlien  pniduced  in  an}*  M'ay.  Of  course,  when  Pieetix>ljrt88 
are  c«jncerne<l,  chanuO'  in  electr<tlvtic  dissociation  must  be  taken  into  account. 

Incidentally,  it  may  be  reinarkeil  that,  as  regai«ii>  calculations  involving  energy*  factors, 
Uring  organisms  have  the  advantage  of  their  reactiotiB  being  carried  on  in  a  pnactioally 

isothermal  system,  so  that  the  furnmht*  nre  cnmparatively  sirin>le.  Any  change  of  temperature 
is  ao  e>mall  as  to  have  only  a  uuianial  ed'ect  oit  tiie  results  ui  lliu  culculaiiun. 

To  proceed,  the  total  osmotic  concentration  of  the  blood  is  about  molar, 
and  from  this,  under  ordinar}'  conditions,  the  kidneys  produce  a  urine  which 
is  alx>ut  molar,  that  is,  the  osmotic  pressure  is  increased  rather  more  than 
threefold. 

Instead  of  volumes  in  our  formula,  it  is  convenient  to  take  concentrations, 
whicli  are  the  reciprocftl»<  of  the  volumes  in  which  1  gram-molecule  is  dissolved. 
Further,  since  the  osmotic  [>ressure  {-)  and  the  depression  of  the  freezing 
point  (2^)  are  also  in  direct  relation  to  one  another,  we  can  take,  in  place 

of  ^,  either      ^,  or 

Strictly  speaking,  the  use  of  the  lost  expression  is  only  permissible  at  the  temperature  of 

the  freezing  points  in  question,  since  cloctrolytic  dissociation  maj'  not  be  the  sanip.  But  the 
experimental  error  ot  the  freezing  point  measurements  exceeds  the  vei*y  small  errors  possible 
on  account  of  diflerenees  of  dissociation. 

Accordingly,  the  minimal  work  which  the  kidney  must  do  in  order  to  produce, 
from  a  glomerular  filtrate  of  a  urine  of  in  an  amount  which  contains 
1  gram-molecule  at  37'  is — 

A»  58*61  log      litre  atmospheres  » 1421 '4  log      gram  calories 

I  ^1 

A, 

w  605*5  log      metre  kilograms. 

If  n  mols.  are  coin[iressed  instead  ot  one,  the  work  is  incivased  n-fold.  The 
molar  concentration,  in  practice,  can  be  best  obtained  from  the  depression  of 
the  freezing  point,  to  which  it  is  related,  as  we  have  seen  (page  155),  and  in 
the  following  way:— 

which  gives  the  number  of  mols  in    litres  of  solution. 

The  depression  of  the  freezinj:  j>«>int  of  urine  (A-^)  between  r-r>  and  2°, 
so  that,  for  simplicity  of  calculation,  we  may  take  "it  as  T'tio,  and  there  are, 
in  man,  about  1*5  litres  produced  per  day,  hence: — 

1-85  X  1-5  ,^ 

\  (that  of  Wood)  is  0  50 

Inserting  these  values  in  the  above  equation,  we  have^ 

1  'S5 

A  1-5  X  58-61  X  log  ^-Ig  =  45-6  litre  atmospheres,  as  the  daily  osuiotic  work  of 
the  kidneys. 

But,  as  Dreser  points  out,  we  must  remember  that  to  produce  1*5  litres  of 
urine  of  A-r-85  from  blood  of  A  =  0^*56, 

1-85 

I'd  X  5:5^ »4'd55  litres  of  blood  are  required. 

In  the  calculation,  the  difference  between  this  quantity  and  that  of  the  urine 
secreted,  namely,  4*955- 1*5^3*455  litres,  has  been  reckoned  as  pure  water.  In 
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point  of  fact,  it  is  kept  in  tiie  blood  and  at  a  A  of  0*'56.  We  have  thus  made  the 
work  of  the  kidneys  too  great  by  the  amount  required  to  raise  3"455  litres  to  the 
osnuitic  pressure  corresponding  to  a  A  of  0°'56.  A  ^  df  l°'b5,  as  wp  saw  (page  155), 
is  ♦  iiuivalent  ti)  the  osmotic  pressure  of  a  molar  solution,  that  is  atmospheres; 

0*56 

therefore,  C'OG  means  an  osmotic  pressure  of  22*4  x       =>  6'b  atmo6pbert»  at  ^ 

freezing  point,  or  7*7  atmospheres  at  37'.  We  have  to  subtract,  then,  3-455  x7'7 
=  26*6  litre  atmospheres,  from  our  first  value  of  45*6.  leaving  19  litre  atmoiJ>hei«l 
as  the  correct  value.  «»n  our  simple  assumption  of  mere  total  concentration. 

But,  as  already'  reuiarked,  thii>  iii  not  all.  We  must  take  accuuiit  of  the 
relative  conoe&tratiflos  of  the  difoe&t  oonstitu^te  of  the  urin^  sinoe  they  are  bv 
no  means  equally  compreesed.  The  urine  is  not  nierdy  a  glomerular  filtrate  Vioiled 
down,  as  it  were.  Tliis  question  is  treated  in  the  paper  by  von  Rhorer  (1905),  to 
which  the  rea  I*^r  is  referred  for  more  details  than  can  be  given  here.  It  will  be 
clear  that  a  completely  accurate  measurement  of  the  total  work  done  could  only 
be  obtained  by  taking  each  constituent  of  ^e  urine  lor  itsell  As  an  iUasti«> 
tion  of  the  method,  we  may  take  the  two  chief  constituents  of  the  urine,  sodium 
chloride  and  urea,  as  is  done  by  von  Rhorer  (pp,  388-390),  and,  indeed,  the  osmotic 
concentration  of  the  other  constituents  is  comparatiTely  small,  so  that  our  result 
will  not  be  far  wrong. 

Instead  of  the  complex  glomerular  filtrate,  we  imagine,  in  the  first  plac^  a  puxv 
solution  of  sodium  chloride  of  the  same  conottitFation  as  that  in  whieh  it  exists  in 
the  blood,  that  is  0*18  molar,  inclusive  of  ions.  We  have  to  concentnte  t*his 
solution  to  that  of  the  sodium  chloride  in  urine,  that  is,  to  0  36  molar.  It  ^\\\ 
be  instructive  to  treat  the  problem  in  the  way  done  by  van't  HotT,  dc-vcriVetj 
in  one  form  on  page  157  above.  We  imagine  a  cylinder  closed  at  the  end,  aud 
containing  a  piston  impermeable  to  sodium  chloride,  but  permeable  to  all  tiw 
other  solutes  <rf  the  glomerular  filtrate  and  to  water.  We  compress  the  filtrate 
until  the  concentration  of  the  soflium  chloride  below  the  piston  is  raised  to 
0'3t)  molar.  In  tb*-  kidney  the  concentration  is  only  raised  from  0'18  to  0*36,  while 
in  our  imaginary  model  no  sodium  chloride  passes  through  the  piston,  but  water 
does,  so  that  the  original ooncentiation  <^  0' 18  molar  above  t(ie  piston  is  lowered; 
we  must  therefore  add  continuously  sodium  chloride  to  tiie  solution  above  the 
piston  in  order  to  maintain  its  concentration  constant  at  0' 18  molar.  We  keep 
thus  the  osmotic  pressure  above  the  piston  unaltered  at  />,,,  whilp  below  it  th^ 
pressure  during  the  operation  is  a  variable  one,  p,  and  is  l  aiseti  gradually  from 
to  'Ip^  (0"18  to  0"36).  The  work  done  consists,  then,  in  raising  the  prei»bure  of 
a  volume  of  solution  by  a  series  of  infinitesimal  steps  from  to  a  higher  one, 
through  the  variable  pressure  dilferenoes  of  p  -p^   That  is : — 

The  integral  of  this  expressi(m  consists  of  two  members — 


'  where  v  is  the  initial  volume  and     the  final  one,  the  actual  pi-ocess  beutf 
performed  by  the  diminution  of  the  volume  from  t>  to  e*.  Sinoa  JD^  is  kept  consiaat) 
it  is  outsi<ie  the  sign  of  integrati^jn,  instead  of  in  a  place  Mmnaj*  tO  that  of 
The  first  member  we  know  already  (page  33)  as 

KT  lo&J. 

The  second  is  simply :  —  -  p^{y  -  v). 

Instead  of  -7,  we  can  put  ^  (concentrations  instead  of  dilutions),  and  &io<3e 

00 — v'e  «  n  (c  being  the  number  of  mols.  dissolved  in  v), 

V  and««B>. 

e  G 

RT 

Also,  sinoe     v a«RT,  p^^  —  or <«  cRT. 
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Pattaiig  theae  ▼alnes  in  the  integral,  we  hsire 

1  1 


A  -  wRT  2  -3  log  -  -  RT»  (  ---\ 
-nBT[2-Slog5'-c(^^°)] 
-«RT[2-81ogi-i^'] 


In  our  particular  case,  «  =  0  3G,  c»018,  c'  =  0-36,  and  RT=»262-9  kg.  metres 
tt  37',  80  that 

A  -  0-36  X  262-9  (^2-3  log^^-^I^^^li?)- 18  28  kg.  metrea. 

We  now,  in  imagination,  repeat  the  operation  on  this  same  solution,  using  a  piston 
which  is  impermeable  to  urea,  permeable  to  water  and  sodium  chloride  with  the 
other  solutes.  The  oompression  has  to  raise  e  of  001  to  c'  of  0*4 ;  n  is  0*4,  and 
therefore  A  is 

-0-4  X  262-9  (2-3  log       -  - kg.  ^ 

The  total  work  is  therefore 

18-28 +  290  =  308-28  kg.  metres. 

By  the  simple  process  of  calculation  of  total  concentration  by  which  a  glomerular 
filtrate  of  initial  concentration  of  018  +  0  01  =0  19  molar  (  =  c)  is  raised  to  one 
of  0*36  <|- 0*40 » 0*76  (c')  by  aid  of  a  piston  impermeable  to  urea  and  sodium 
cUoride,  we  bave^  since  fi«0'76— > 

A  =  0-76  X  262-9  ^2-3  log  127-2  kg.  metres. 

13ra%  when  we  take  aooount  ol  the  different  partial  pressures  of  urea  and  sodium 
chloride,  we  obtain  2*5  times  as  great  an  expenditure  of  work. 

It  may  be  pointed  out  that  the  work  calculated  in  this  manner  is  simply 

that  neoe«mry  to  efToct  the  change  of  molar  con  centra  tion.s,  and  i?*  independent  of 
any  particular  prtxess  by  which  it  is  effected.  Tlie  actual  work  done  by  the 
ceUa  depends  on  the  ethciency,  in  the  engineer's  .sense,  of  the  machinery  by 
whieh  tiie  energy  is  alforded.  The  methca  can  therefore  equally  well  be  used 
to  find  the  osmotic  work  necessary  to  secrete  a  liquid  more  dilute  than  blood, 
ss  is  done  hy  von  Rhorer  (pp.  383,  384). 

Since  n  in  the  above  formula  is  identic  il  with  g\  owing  to  the  concentration 
bsiog  expressed  in  molar  values,  we  may  write  : — 


t)wtiB:--BT[e']og--f  c-ol  as  given  by  Barcroft  (1914,  p.  94). 

c 

Or,  if  all  the  constituents  are  taken  account  of : — ^BT[2^6'  log  1^  +  Zc  ~  2e'] 

ss  given  by  Cu.ihny  (1917,  p,  33). 

Aikaline  and  Acid  Secretions. — This  process  may  be  looked  upon,  from  tlie 
point  of  view  of  the  present  section,  as  the  change  of  concentration  of  hydroxyl  or 
njdrogen  ions  of  the  blood  into  that  of  the  secretion,  or  as  one  of  the  osmotic 
partial  phenomena,  as  dealt  with  above  in  the  case  of  urine.  Von  Liebermann 
noil,  p.  .14)  point*?  out  how,  in  the  case  of  the  alkaline  pancreatic  juice,  diminution 
of  the  OU'  ion  concentration  of  the  blood  by  intravenous  injection  of  lactic  acid 
biases  a  reduction  in  the  rate  of  How  of  the  secretion  under  a  constant  stimulus. 
This  might  be  explained  as  due  to  the  greater  work  necessary  to  raise  the 
OH'  ion  concentration  in  the  juice  to  the  same  heit^lit  from  a  lower  level ;  but 
tiisie  may,  no  doubt,  be  other  factors  in  addition.  The  mechanism  of  secretion 
of  aeid  and  alkali  will  be  referred  to  again  later  (page  359). 
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Mention  has  frequently  been  made  of  the  use  of  intravenous  injections  for  various  nurpoiM, 
■0  that  it  may  interest  the  reader  to  learn  that,  acconling  to  .Sprat's  "  History  of  iLe  KoyaJ 
S<Kiety"  (1722,  p.  317),  it  was  Christopher  Wren  who  was,  as  the  author  puts  it,  "the  first 
Author  of  the  Noble  Anatomical  Experiment  of  Injecting  Liouors  into  the  Veins  of  AniniAl^ 
An  Expeciinent  now  vulgarly  known  ;  but  long  since  exhibiteu  to  the  Meetings  at  Oxford,  and 
thence  carricLl  by  some  <iennans,  and  iniblisht-d  abroad.  By  this  operation  divers  Oeatures 
were  immediately  purged,  vomited,  intoxicated,  kiil'd  or  reviv'tL  liffMHtiing  to  tbe  quality  of 
the  Liquor  injected.  Henoe  aroee  many  new  Experiments,  and  chiefly  toftt  of  Tcmnsftuioj 
BIoo  1,  which  the  Society  has  prosecuted  in  eundty  in'<tancc«,  that  will  prohftblj  end  in 
extranrdinary  Success."    f!^ce  also  Bayli-js,  liilS,  pp.  lol-l.ri.) 

•Secreting  giauds  also  requiitj  e.ntr<iy  for  the  production  of  th«'  rhf.m'\'-<\l 
constitaents  of  their  secretion^  whenever  these  substances  are  not  already  pre^etii 
in  the  blood. 

When  we  come  into  possession  of  more  knowledge  of  the  chemical  changes 
Involved,  it  is  possible  that  we  may,  by  the  applicatii^n  of  X< mst  s  new 
thermodynamic  theorem  (page  30  alwve),  be  able  to  calculate  tlie  energy  changes 
involved.  For  the  present  we  must  be  content  with  indir^t  measurements  bj 
determining  the  difference  between  the  oxygen  eafuumpeion  &t  the  retting  end  the 
active  organ.  This  knowledge  we  owe  chiefly  to  the  work  of  Bcucoroft  and  his 
CO  workers.  The  measurement  is  made  l)y  determining  the  oxygen  content  of 
the  blood  supplied  to  the  gland,  that  is,  the  ordinary  arterial  blood,  and  the 
oxygen  content  of  that  leaving  it  by  the  vein,  together  with  the  amount  of  blood 
paming  in  a  given  time.  It  is  in  the  aoeurecy  of  the  last  estimation  that  the  chief 
ditficnlty  lies,  since  the  rate  of  flow  increases  in  activity.  The  resting  submaxillary 
glatui  of  the  cat  consumes  about  0O2  cc.  of  oxygen  per  gram  per  minntei  When 
excited  to  secretion,  the  consumption  may  rise  to  «s  much  as  1  9  in  the  same  unitit 
(Barcroft  and  Piper,  1912,  p.  362),  that  is,  more  than  five  times  as  mucli.  By 
taking  the  differeui^  between  the  oxygen  consumption  of  the  resting  and  that  d 
the  active  gland,  the  same  observers  have  calculated  the  oxygen  neeessary  to  form 
0  30  c.c.  of  saliva  to  be  0-18  cc.  What  this  means  in  terms  of  energy  naturally 
depends  on  what  chemical  substance  is  oxidised  Talcing  it  as  glucose,  it  would 
imply  the  use  of  0*17  g..  since  180  g.  of  glucose  require  192  g.  of  oxygen  for 
complete  combustion.  A  s?mall  pai  t  only  of  the  energy  is  required  for  osmotic 
work,  on  account  of  the  small  volume  of  the  saliva  secreted. 

A  very  important  result  as  regards  the  mechanism  of  the  process  was 'obtained 
in  the  coui*se  of  the  experiments  of  Bareroft  and  Piper.  Wlien  the  time  course  of  I 
the  oxygen  con^tumption  was  determined  in  relation  to  that  of  the  flow  of  saliva,  it 
was  found  that  the  maximal  rate  of  the  former  occurred  considerably  later  than 
that  <rf  th6  latter,  and  that  the  increased  consumption  might  last  for  as  long  &s 
seven  minutes  after  the  formation  of  saliva  had  ceased.  The  length  of  this  period 
of  increased  consumption  of  oxygen  was  found  to  depend  on  the  degree  ol 
activity  of  the  gland  previously,  and  also  on  the  functional  capacity  of  the  organ. 
We  shall  meet  with  a  similar  state  of  aiiairs  in  the  case  of  voluntary  muscle.  It 
seems  to  imply  that  the  chemical  energy  derived'from  oxidation  is  not  used  directly 
in  the  process  of  secretion,  but  that  potential  energy  is  stored  in  acme  phrnoo- 
chemical  system,  from  which  it  is  given  out  for  use  in  the  actual  prooess  itMll 

It  niiyht  perha])*  bt-  thought,  by  adherents  of  the  "biogen"  theory,  thnt  the  oxygen  itself 
i»  takfit  up  ill  cumbiimtion  in  an  explo-ive-Iike  giant  molecu^»  analogous  to  potassium  ohkuatc, 
for  example.  It  seems  pMsible  that  this  view  might  be  to^ed  by  «inraltatu<<m«  detennination  ol 
the  carbon  dinxidf  given  out  together  with  the  oxygen  consumption.  If  the  two  were  foimd  to 
corrcspijud,  it  wuuld  indicate  that  an  oxidation  process  was  giving  energy  to  another  iudejpendent 
chemi>  al  or  physical  reaction.  Wwitof  parallelii^m  between  the  axygen and  carbon  dioociae  woold 
not  decide  the  question  in  either  way.  We  shall  find  lat^r,  however,  that  there  is  no  evideacf 
for  the  existence  of  "intramolecular"  oxygen  in  the  sense  of  the  biogen  hypothesis,  and  we 
have  already  eeen  reaaon  for  doubting  the  ofNrreetness  of  this  point  of  view. 

It  may  be  called  to  itdnd  that  Chauveau  and  Kaufmann  (1886)  fonnd  • 
diiniiintion  of  glucose  in  the  l)loixi  after  it  had  pas.sed  through  the  active 
.salivary  gland  of  the  horse.  This  was  also  fotnid  t'>  Iw  the  case  by  Asher  ami 
Karauiov  (1910),  so  far  as  the  period  immediately  succeeding  the  flow  of  saliva 
is  concerned.  The  fact  suggests  the  possiHlity  that  the  energy  required  to  fam 
tlie  system  of  high  potential  energy,  whidi  afterwards  breaks  down  in  the  procea 
of  secretion,  may  be  derived  from  the  oxidation  of  glucoee. 
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It  18  reT»iarkfv}>lo  that  tho  latter  invest  i^'a  tors  found  eMxnerta^f  of  glueuhe  in  the  venous 
ijlood  of  tho  gl.iiul  iluriuK  the  process  of  i-ecrt  tion  itself ;  they  hold  thai  it  may  be  a  constituent 
<A  some  Bubstance  w|ii(3i  breaks  down  in  secretory  activity.  This  does  not  seem  a  very 
nr.^i.iMe  thing  to  happen,  as  it  would  not  be  capa(>le  (jf  nftording  much  pnergj'.  It  is  also 
tiidicuU  to  understand  why  the  glucuM;  does  not  appear  in  the  saliva.  It  seems,  moreover, 
that  the  concentration  of  the  venous  blood,  dm  to  Ion  of  water  into  salivft  and  lymph,  has  not 
^>een  sufficiently  taken  into  account  in  the  experiments  referred  to.  For  example,  in  exj^eri- 
roent  1  (p.  40  of  the  paper),  during  the  two  minutes  necessary  for  collection  of  the  lU  o7  c.c 
of  venous  blood  for  anklyns,  4  0.c.  tA  saliva  were  secreted  ;  adding  this  to  the  blood  makes 
14  57  c.c.  iirvl  the  pereentage  of  glucose  must  be  diminished  in  the  f^ame  ratio,  which  makee 
itO  Uii  per  <  eiii.,  a  value  practically  equal  (u  that  in  the  arterial  blood  supplied  to  the  gland, 
and  no  account  has  been  taken  of  the  lymph,  which  would  make  the  value  in  the  venous  blood 
im  than  that  in  the  arterial  bloofl.  From  the  results  of  Barcroft  and  rij)er.  it  i<j  not  to 
be  expected  that  there  would  be  any  very  considerable  consumption  of  glucose  durnig  the  first 
periocl  of  tlw  activity  of  the  gland.  , 

Id  Barcroft  and  Brodie's  work  (1905,  p.  65)  on  the  gaseous  metabolism  of  the 
active  Iddney,  it  was  found  that,  taking  all  the  experiments  together,  tbe  output 
of  carlK>n  dioixide  wag  equivalent  to  that  uf  the  ox^-^'en  taken  in.  That  is,  the 
f>*«piratorv  (|n*'tioiit  (see  above,  page  27 y)  is  practically  unity,  as  it  would  be 
irum  the  oxidation  of  carbohydrate  only.  So  far  as  it  jjoes.  tliis  result  suggests 
that  the  substance  oxidised  is  of  cai  bohy (irate  natui*e  and  that  it  is  completely 
oxidised  and  its  energy  used  for  some  prooeas  in  eonneetion  with  seeretioii.  Hie 
oiygen,  moreover,  could  not  be  combined  up  in  an  intramolecular  form  in  an 
'  expiosible'*  aubstanoe,  since,  if  this  were  the  case,  the  respiratorr  quotient 
CO  A 

\    *  j  would  be  greater  tiian  unity  during  the  period  <^  formation  of  this  substance 

and  less  than  unity  during  its  breaking  up. 

The  great  sensitiveness  of  the  salivary  glands  to  slight  diminution  of  oxygeu 
supply,  as  found  by  Heidenhain  (1868,  pp.  88-101),  by  Jonescn  (1909,  p.  68),  and 
byliebermann  (1911,  p.  26),  shows  that  the  process  of  formation  of  the  secretion 
itself  requires  free  oxygen  in  addition  to  the  stored  ener^ry  just  referred  to. 
Lufl-^i^',  linwpver  (1851),  obtaine<l  a  slight  secretion  after  tiie  circulation  had 
nearly  cea&ed,  so  that  a  current  of  blood  is  not  absolutely  necessary.  This  con- 
samptiou  of  oxygen  during  actual  secretory  activity  suggests  that  the  system  of 
high  potential  energy,  formed  previously,  does  not  contain  in  itself  tbe  oxygen 
Dscesssry  for  its  combustion,  but  cliieily  consists  of  an  oxidisable  substance 
GspaUe  of  affording  energy  when  supplied  with  oxygen. 

This  immtdiate  dependence  on  dxym-n  is  shown  still  more  strikingl}  1>\  the  liigher  nerve 
centres  and  makes  it  probable  that,  tor  proper  functional  work*  oxygen  must  be  supplied,  not 
only  in  a  certain  amoonf,  but  at  a  tension  not  far  below  that  in  wnieh  it  is  preaent  in  the 

atmosphere  and  in  arterial  bltxid.  An  organ  may  tuflvr  from  want  i«f  i)x\-^fn  (  a  <  i:  whrn  the 
venous  blood  coming  from  it  still  contains  oxygen,  so  that  oxygen  has  passed  the  cells  unused. 

Formation  of  Heat. — Tt  is  scarrfly  to  be  stipposed  that  the  efficiency  of  the 
gland  rnachirifry  is  so  high  that  no  free  chemical  energy  is  degraded  to  heat  in  tlie 
secretory  process.  It  was,  in  fact,  found  by  Ludwig  and  Spiess  (1857)  that  the 
temperature  of  the  saliva  coming  from  the  submaxillary  gland  was  higher  than  that 
of  the  blood  iik  the  carotid  artery,  but  Bayliss  and  Hill  (1894,  1)  were  unable  to 
detect  any  difference  in  this  sense,  if  care  was  taken  to  obtain  the  actual 
t'^my-'eratnre  of  the  blood  in  tlie  flowing?  stream.  Ludwig,  himself,  in  a  letter  to 
I'rxjf.  Schafer,  appears  to  have  l»een  prepared  to  admit  these  neijative  results. 
Of  course,  the  fact  merely  shows  that,  if  heat  was  produced,  the  blood  current  was 
nfficiently  rapid  to  carry  it  away  as  fast  as  it  was  formed,  as  is  very  probable  from 
considerations  of  the  actual  amount  of  the  combustion  going  on.  It  should  be 
stated  also*  however,  that  we  were  unable  to  detect  any  formation  of  bent  in  the 
excised  salivary  glands  of  tli^  s;rass  snake,  although  a  very  delicate  method  was 
oaed  (p.  352  of  the  paper  quoted). 

MUDE8  OF  EXCITATION 

Th'-re  are  two  different  ways  in  which  irlands  can  lie  made  to  secrete.  The  one 
is  by  the  agency  of  chemical  substances  contamed  in  the  blood  with  whicii  tlxey 
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are  supplied ;  the  other  is  by  stimulation  of  nerve  fibres  which  terminate  in  the 
seoretory  cells.  It  may,  of  oourae,  ultimately  be  found  that^  in  the  actual  cefl 
system  itself,  the  processes  are  identical  in  the  two  cases,  so  that  the  nerve  may 

act  by  production  of  the  same  chemical  substance  which  excites  directly,  or  the 
chemical  excitant  may  act  on  the  same  terminal  mechanism  as  the  excitatory  process 
in  the  nerve  fibre  does. 

It  has  long  been  known  that  certain  drugs,  of  which  pilocarpine  is  the  most 
famfliar,  are  capable  of  causing  practically  all  glands  to  ^ter  into  actiTi^.  The 
fisct  that  glands,  such  as  the  muoous  glands  of  the  air  passages,  which  do  not 
appear  to  be  supplied  with  nen'es,  are  excited  sf*em<?  to  indicate  that  this  pfFpct 
is  produced  independently  of  nerve  supply.    On  tlio  other  hand,  adrenaline  causes 
a  powerful  secretion  of  the  submaxillary  giund  of  the  cat  and  we  know  that 
the  action  of  this  substance  is  exerted  on  the  endings  of  the  sympathetic  nerves, 
wherever  they  are  found.    It  appears,  then,  that  a  chemical  substance  may  exoite 
the  cells  of  glands  either  directly,  or  tlirough  the  medium  of  the  nerve  terminations 
on  them.    In  the  former  case,  it  is  probable  that  the  drug  may  act  on  some 
definite  part  of- the  cell  system,  the    receptive  substance"  of  Langley  (1906). 
After  administration  of  atropine,  pilocarpine  is  inefifoetive  in  producing  secretion, 
nor  can  it  be  produced  by  exciting  the  nerves  of  such  glands  as  are  supplied  with 
them,   PilooMfMne  seems  to  be  an  abnormal  excitant  lor  gland  odls,  since  its 
action  if?  very  violent  and  profound  morphological  changes  are  caufsed  in  thn  cells 
Tn  this  respect  it  difi'ers  fi-om  a  normal  chemical  excitant,  such  as  secretin  for  the 
pancreas,  the  mechanism  of  which  we  will  now  consider.    It  was  shown  by  Pavlov 
and  his  fsllow'workers  (1901,  p.  132  of  the  English  translation)  that  the'^preoence 
of  various  sul^tances  in  the  duodenum,  especislly  acids,  causes  pancreatic  juice  to 
be  poured  in.    This  excitation  of  the  pancrea??  was  looked  upon     a  reflex  thmuj^h 
the  nervous  system  until  Baylies  and  Starling  (1902,  1),  in  investigating  the  local 
nervous  reflexes  connected  with  the  alimentary  canal,  found  that  it  was  still  produced 
by  acid  in  the  duodenum  after  all  accessible  nervous  oommuateationa  bad  been 
divided.   This  fact  suggested  that  some  chemical  mechanism  was  at  work,  set  going 
by  the  acid.    The  injection  of  acid  into  the  blood  current  has  nq  effect,  as  would  be 
expected,  so  that  some  substance  mnst  be  pr  oduced  by  the  action  of  the  acid  on  the 
mucous  membrane  of  the  intestine,  which  substance  then  difiuses  into  the  blood 
and,  arriving  at  the  pancreas,  excites  it  to  action.    The  next  step  was  to  scrape  off 
the  mnoons  membrane  and  rub  it  up  with  sand  and  dOute  hydrochloric  acid. 
After  neutralisation  and  filtration,  this  extract  was  injected  into  a  vein  and  we 
were  naturally  delighted  to  find  that  a  copious  flow  of  pancreatic  juice  was  the 
result.    Tt  may  be  pointed  out  that  it  is  quite  immateriar whether  the  whole  of 
the  berves  were  actually  cut  in  the  previous  part  of  the  experiment,  since  it  was 
the  belief  that  they  were  cut  that  led  to  the  search  for  a  chemical  meidianism. 

Further  details  an  to  the  properties  of  this  "secretin."  m  we  called  it^  being  onablo  (0  think 
of  a  lv»tt«r  name,  will  be  found  in  Chupt -r  XXIV.  The  name  it^^ilf  ha.«?  now  come  into  gciu-nil 
use  and,  whatever  objection  may  be  miuie  to  it,  it  raost  be  admitted  that  it  has  the  advantA^e 
of  making  no  assertion  as  to  tlM  chemicsl  natttre  of  the  sobstance,  as  to  which  we  have  litSe 
poutive  luiowledge. 

The  juice  formed  under  the  action  of  secretin  appears  to  be  i<tontical  with  that 
forme<l  durinrij  natural  di;;estion  ;  perhaps  it  may  be  rather  more  dilute  ;  it 
contains  trypsin  in  the  inactive,  zymogen  form,  amylase  and  lipa.se,  together  with 
alkaline  salts.  The  pancreas  can  be  caused  to  secrete  continuously  for  many 
hours  by  rq>eated  doses  and,  although  in  the  later  stages  a  somewhat  more  dilute 
juice  may  be  obtained,  it  is  a  matter  of  considerable  difficulty  to  induce  signs  of 
Istigue  in  the  cells,  so  far  as  microscopic  obsei'\'ation  can  detect  them. 

Atropine  has  no  effect  on  the  action  of  secretin,  contrary  to  it''  nc^ion  on 
secretion  pr<xiuced  by  stimultttiou  of  nerves.  Secretin  mmt  act,  therefore,  on  the 
cells  directly,  or,  at  all  events,  on  .some  part  of  the  cells  beyond  nerve  terminations. 

How  Ur  this  natural  form  of  chemical  stimulation  of  glands  applies  in  general 
remains  as  yet  uncertain.  It  is  comparatively  unimportant  in  the  case  of  the 
salivary  and  sweat  glands,  hut  the  work  of  Pavlov  (1001,  T^ecture  VII.)  and  of 
Edkins  (1906)  shows  that  the  gastric  juic9  is  partly  produced  by  the  agency  ol 


Digitized  by  Google 


SECRETION 


345 


i  chemical  substance  produced  in  the  stomach  itself  by  oertain  constituents  of  the 
food,  and  that  this  substance  acts  through  the  intermediation  of  the  blood  current 
(see  pa;jf'  >T'2  l>f]o\v),  although  the  gastric  glands  are  also  powerfully  excited  by 
fibres  iji  ihe  vagus  nerve. 

Secretion  of  Bile  is  produced  by  the  same  acid  extract  of  duodenum  which 
eicites  the  pancreas^  bat  whether  the  same  '*  secretin  "  is  at  work  we  cannot  state. 
The  liver  can  also  he  excited  to  secretion  by  injection  into  the  blood  of  bile- 
^alts  :  in  such  a  ca.^e,  the  concentration  in  the  Ijlood  of  tlic  constituents  of  the 
secretion  plays  a  part  in  determinint;  tlH>  activity  of  the  cells  in  transferrin^;  them 
from  the  blood  to  the  duct.  The  bloou  supply  of  the  liver  (Heidenhaiii,  1860, 
pp.  2&d>268),  both  in  respect  of  rate  of  flow  and  of  pressure,  affects  the  rate  of 
Mcretion  to  a  large  extent. 

The  Succus  Enterieus  is  secreted  in  a  particular  section  of  the  small  intestine 
"when  trypsin  is  present  in  a  part  preceding  it  in  the  normal  direction  of  the 
pMsage  of  food.  Tlie  work  of  Pavlov  (1901,  p.  161  of  the  English  edition)  tends 
to  show  that  this  is  a  chemical  mechanism. 

The  yervoui  MtehmMm  of  Seerditm, — ^The  majority  of  glands,  including  thoee 
with  internal  secretion,  are  supplied  with  nerves  by  which  th^  can  be  exeited 
to  action  by  reflexes  from  the  central  nervous  system.  Most  of  onr  knowledge 
:s  derived  from  xh^  ^tiiHv  of  the  snlivary  gland';,  owing  to  the  comparative  ease 
with  whicli  experimental  work  can  Ix?  conducted  on  these  organs.  We  will 
eoDsicier,  in  the  first  place,  the  special  case  of  the  submaidllary  gland  of  the  dog 
and  sf  terwards  apply  the  results  to  other  glands.  This  sabmaxillary  gland  is  suppHed 
V  two  sets  of  nerve  fibres,  both  of  which  play  a  part  in  the  secretory  mechanisnu 
The  first  set,  contained  in  the  chorda  tympMit  nerve,  arise  from  the  brain  in  the 
>mall-fibred  portion  of  the  facial  nerve,  corresponding  to  the  intermediate  nerve 
of  Wrisl)erg  in  man,  which  leaves  the  mid-brain  between  the  facial  and  auditory 
nerves  (see  Gaakell,  1889,  p.  172). 

ThMe  filH^  may  be  called  the  o^bral  supply ;  the  other  set  comes  firam  the 
s^mpathetie  cystem,  a  special  ontflow  of  nerves  to  the  viscera,  blood  vesselsi  and 
similar  stmctoiee;  to  this  system  of 'nerves  attention  will  be  directed  in  a 
later  chapter. 

It  is  found  that  excitation  of  the  chorda  tympani  nerve  producf^s  a  r  opioua 
eatery  secretion,  while  that  of  the  sympathetic  nerve  produces  a  snmil  quantity 
of  a  very  thick  saliva^  Heidenhain  (1868,  p.  113)  propounded  the  view  that 
Uiere  are  two  diffierent  kinds  of  fibres  concerned,  one  set  with  the  secretion  of 
'^ater,  together  with  the  diffusible  salts  present  in  the  blo«xl,  and  the  other  set 
"^uh  the  formation  of  the  specific  solid  constituents  of  the  secretion.  On  this 
ground  he  called  the  former  "secretory,"  tlie  latter  "  tropliic,  ' using  this  latter 
»ord  in  a  rather  special  sense  (1868,  pp.  101-104,  and  16S0,  p.  51).  The 
two  kinds*  of  fibres  are  supposed  to  be  present  in  both  nerves,  but  in  different 
relative  amonnt,  which  varies  accord inu'  to  the  kind  of  animal.  In  the  cat,  for 
inxtance,  Lanijley  fl87S)  showed  that  tlie  chorda  and  sympathetic  nerves  both 
;;ive  vcrv  mucli  the  same  kind  of  saliva.  Tlie  sympathetic  nerve  contains 
fibres  which  cause  great  constriction  of  tlie  arterioles  of  the  gland,  while  the 
chorda  contains  fibres  which  dilate  them,  so  that  it  has  been  held  (see  Langley, 
1898,  p^  529)  that  the  restricted  blood  supply  is  responsible  for  the  relatively 
conoentrated  saliva  produced  by  the  "trophic"  nerve  fibres,  and  that  there  ib 

necessity  to  assume  the  existence  of  two  kinds  of  nervo  fibres  presiding  over 
i^retion.  The  Cjuestion  seems,  however,  to  he  definitely  dt^cided  in  the  latter 
sense  by  the  experiments  of  Babkin  (1913),  who  investigated  the  properties 
<A  the  saliva  secreted  refiexly  by  placing  in  the  mouth,  in  the,  one  case,  meat 
povder,  in  another  case,  hydrochloric  acid.  It  was  found  that  the  blo^  fiow 
through  the  gland  was  equally  accelerated  by  both,  but,  while  the  content  in 
inorganic  salts  was  identical,  the  organic  cont^titnents  of  the  saliva  secreted 
under  the  stimulus  of  meat  were  in  four  to  five  times  as  great  an  amount  as 
in  that  formed  under  hydrochloric  acid.  Since  the  removal  of  the  superior 
cervical  ganglion,  by  which  the  influence  of  the  sympathetic  fibres  is  removed, 
hsd  no  oTect  on  the  result^  it  is  necessary  to  assume  that  the  chorda  tympani 
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nerve  also  contains  "  trf»phic  fibres."    There  was  no  evidence  that  voso-constsHctor 
fibres  were  excited  iu  either  case.    Expressed  ou  Heideahain's  view,  wo  may 
say  that  add  ttxdtes  the  " secretory  "  and  vasodilator  fibres,  while  the  "li  igliii 
fibres  are  very  little  affected.    Ifeat  excites  both  the  secretory  and  the  ijbiiii^ 
fibres  of  both  nerves,  in  addition  to  the  vaso-diiator  fibres  of  the  ohorda. 

Langley  (1916)  thinks  it  {K>3siblo  that  different  parts  of  the  centre  may  lie  exritt-d  br  the 
different  aflferent  impub>es  aud  that  oelU  in  the  gland  secreting  different  aoiouuta  of  aoliof  in«y 
be  ezoited.  ^ 

Should  it  be  true  that  there  are  two  difieient  kinds  of  fibres  to  the  Mfivary 

glands,  it  SjBems  probable  that,  whenever  we  have  a  liquid  secretion  containing , 
constituents  foreit;n  to  tlie  blood,  the  secretion  of  these  substances  is  ander 
the  control  of  special  nerve  fibres;  this  statement,  of  course,  only  refeca  ta 
tiloae  cases  where  the  process  is  eflfecrtwi  by  nervous^  not  by  chemical,  agency. 

The  Panereaa, — ^The  chemical  mecfaaaism  in  this  case  appears  to  be  so  adeqnate 
and  appropriate  that  its  discoverers  were  inclined  to  doubt  the  existence  of  a  * 
nervous  mechanism,  although  we  were  careful  not  to  deny  it  (Bayliss  and  Starlin?, 
1902,  p.  343).  At  that  time,  the  experimental  evidence  did  not  exclude  the 
possibility  of  explanation  on  the  lines  of  a  chemical  mechanism,  but  Pavlov  has 
linoe  brought  forward  evidence  whieh  amounts  to  a  sattsfiactor^  prool  that  tfa» 
vagOB  nerve  contains  fibres  that  cause  the  production  of  pancreatic  juice,  although 
there  are  several  peculiar  facts  in  connection  with  the  phenomenon.  G.  W. 
Anrep  has  demonstrated  in  Ent^lanci  the  method  of  experiment,  and  there  is  no 
doubt  that  secretion  can  be  obtained  by  exciting  the  vagus  under  certain  condi- 
tions, whieh  have  to  be  pretty  closely  adhered  to.  Some  reflex  inhibitory  influence 
Is  exercised  by  the  operative  procednres,  so  that  it  is  necessary  to  divide  the 
^inal  cord  at  the  foramen  magnum  ;  the  secretion  does  not  appear  until  after 
several  successive  periods  of  stimulation  of  the  vagus  nerve  and,  when  it  appears, 
it  is  much  less  copious  than  after  secretin,  and  contains  active  tiypsiu.  Thi.s  last 
fact  presents  soma  difficulty  in  rogardlng  the  vagus  eflbct  as  a  normal  mode  of 
production  ol  the  juice,  since  Beleaeiine  and  Frouin  (1902  and  1903)  have  ahown 
that  the  juioe  which  appears  copiously  from  a  pemMiieiit  pancreatic  fistula,  when 
food  is  being  digestc<l,  both  in  the  dog  and  in  the  ox,  is  inactive  until  act<'<l  upcm 
by  enterokinase.  The  action  of  the  vagus  is  paralysed  by  atropine,  like  other 
gland  nerves.  From  the  very  concentrated  character  of  tlie  juice  it  would  seem 
that  the  vagus  contains  chiefly  "trophic"  fibres.  The  question  of  inhibitoty 
nerves  to  glands  will  Ix^  discussed  later.  The  paper  by  Bylina  (1913)  on  the  two 
kinds  of  mechanism,  cliemical  and  nervous,  should  be  consulted. 

The  viow  that  tiiere  are  distinct  ''trophic''  fibres  in  gland  nerves  receives 
further  support  from  the  changes  in  microsicopic  appearances  of  the  gland  cella. 
Excitation  of  the  sjrmpatbetic  produces  considerably  more  signs  of  faluue  in  the 
submaxillary  gland  cells  th«i  that  of  the  chorda  does.  Bjibkin,  Bubadilrin,  and 
Savich  (1909)  have  described  similar  facts  with  regard  to  the  pancreas.  As. 
alreadv  stated,  by  the  action  of  secretin  it  is  difficult  to  pro^iuce  signs  of  fatigue  in 
the  cells,  while  stimulation  of  the  vagus  nerve  results  in  marked  changes.  According 
to  the  observers  named,  the  process  of  secretion  in  the  case  oc  the  obemical 
excitant  ia  as  follows : — ^Water  flows  through  the  cell  in  quantity,  and  one  seen 
in  the  cells  what  look  like  channels  of  fluid  (see  their  Fig.  23).  This  current 
carries  out  the  zymogen  granules  into  the  ducts,  where  they  can  sometimes  l>e 
seen  as  granules,  but  they  so<jn  Ijecome  dissolved.  It  is  found,  on  staining  with 
eosin  and  orange,  that  the  secretion  in  the  ducts  takes  the  same  red  colour  as  the 
granules  inside  the  oslls,  and  appears  to  be  of  the  same  chemical  nature.  We 
faiow  that  the  trypsin  in  it  is  still  in  the  zymogen  stage.  No  cell  oonttttnenta 
staining  with  oran;::**  '^r**  to  Vm*  found. 

After  nen^e  stiinulatiiin,  which  gives  only  a  small  quantity  of  a  thick  juioe.  wt> 
have  a  different  picture.  The  granules  inside  the  cells  undergo  a  transformation  ; 
they  gradually  lose  the  property  of  staining  with  eosin  or  iron  hematoxylin  and 
become stainable  with  orange,  sometimes  forming  large  "  vacuoles'*  before  passing 
into  the  duct.  The  secretion  itself  in  the  ducts  stains  with  orange,  not  with  eosin 
(see  Figs.  16  and  18  of  the  paper).  As  we  saw,  it  contains  active  trypsin.  Little 
or  nothing  is  to  be  seen  of  the  intracellular  channels  of  the  more  watery  secretion 
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Fio.  92.    Stages  of  activity  of  the  pancreas  rNDER  thk  action  or  sf<  rrtik,  am>  or 

9TIMCLATI0V  OF  THE  VAOCS  NEHVE. 

«,  b,  e,  St&in«d  with  imn  h»tnatoxylin. 

a,  FVom  fasti  rig  doi;. 

b,  Aft«r  action  of  secretin  (acid  in  duodenum). 

fti'S  c.c.  of  Juice  secreted  in  four  hours  and  ten  minute?. 
Comparative!}'  slii^ht  disappearance  of  (granules  and  little  stractura!  chanire. 
e.  After  vatfu'  stimulation. 

1  CO.  of  Juice  in  the  flrst  fifty-three  minutes;  5*1  cc.  in  the  next  hour  and  a  half;  0*4  cc.  in  the  laat 

forty -one  minute!>. 
Great  disappearanne  of  i^ranuie?, 
^  «./.  9,  Stained  with  eosin-oran(?e-toluidine  blue  by  Dominici's  method.   The  part4  stained  with  eosin  are  shown 
black  :  those  sta.ined  oranj^c  (dro)ts  of  secretion  within  the  cells  and  ducts)  are  shaded  obltnuely. 
i.  After  ^  a^us  stimulation.    Granules  stain  red  with  eosin,  but  the  content*  of  most  of  the  vacuoles  in  the 

cells  and  the  secretion  in  the  lar^  duct  stain  oratiff", 
«,  Vagus  stimulation.    Some  vacuoles  stain  red  ;  others  oranjfe. 
/,  Weak  stimulation  of  va^us. 

1  C.C.  of  Juice  in  one  hour  and  ten  minut* 

Empty  o|>en  vacuoles  are  seen,  which  conmiunicat«  with  intercellular  spaces. 
9,  Action  of  secretin. 

The  Juice  in  the  duct  stains  red  with  eoein,  like  the  sjanules.   There  are  no  vacuoles  which  stain  wlUi 
orangre. 

'Babkin.  Ruhaschkin,aiidSsawit.sch,  1909.  Figs.  1,3,5, 16, 18, 21,  and  22  in  order.) 
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with  aecretin.    Some  of  these  figures  are  reproduced  in  monochrome  in  Kg.  9S ; 

(see  tlescription  of  figure).  I 
If  the  juice  secreted  under  natural  conditions  contained  active  trypsin,  it  is 
diiiicult  to  understand  the  use  of  the  production  of  enterokinase  in  the  intestine. 
No  doubt,  however,  the  flow  of  water  Uirongh  the  cells  might  carry  away  zymogen 
material  before  it  had  been  worked  up  by  the  cell  and  this  would  requiie 
activation. 

It  is  not  only  j[^lands  with  visible  secretion  that  are  under  the  control  of  tb- 
nervous  system,  but  also  those  of  intertud  secretion.  The  fact  lias  been  shoan  i 
especially  in  the  case  of  the  adrenals.  When  the  splanchnic  nerves  are  excited  in 
any  way,  there  is  an  output  of  adrenaline  into  the  blood,  which  produces  the 
various  phenomena  duo  to  stimulation  of  the  sympathetiC|  such  aa  rise  of  blood 
pressure,  etc.  (see  Asher,  1910;  £lliott>  1912,  etc.). 

THE  SECRETORY  PROCESS 

It  seems  evident  that  there  are  two  kinds  of  proces«!e«,  or  rather  two  factors,  at 
work  ;  one  concerned  with  the  transfer  of  water,  together  with  certain  sohji<:^s 
already  present  in  blood,  the  other  a)ncerned  with  the  elaboration  of  new  cheniic&l  ; 
compounds.  Whether  either  of  these  can  be  excited  without  the  othei-,  by  menu : 
of  specific  nerve  fibre-  i  by  cliemical  means,  it  is  at  present  impossible  to  state 
It  is  to  l)e  remenihered  that  the  pass^e  of  water  in  itself  would  wa^sh  .  i;- 
constituents  of  (^'land  cells  previously  stored  therein,  but  the  results  ^if  va^jj- 
stimulation  on  tiie  pancreas  indicate  that  new  chemical  changes  can  also  be^stt  \n 
action  by  nerve  influence.  In  the  idea  of  '*  trophic  nerves,  Hcideohain  appeals 
to  include  the  functaon  of  exciting  the  formation  or  replacement  of  the  subetsnoo 
which  had  been  given  off  from  the  cdls  in  the  process  of  seoretson  previoaslj. 
TliH  vagus  effect,  described  above,  suggests  rather  the  settin^r  into  T>lay  of  i 
cheuiical  change  in  the  products  already  stored  in  the  cells.  Secretin,  on  th^ 
other  hand,  apparently  sets  going  a  process  by  which  water  washes  out  stort'l 
substances  widiout  change,  l^e  prolongation  of  the  period  of  incresaed 
oxygen  consumption  considerably  bieyond  the  actual  period  of  secretion  ttMl^ 
induced  by  the  stimulation  of  nerves,  suggests  that  the  restitution  proces?,  br 
which  the  cells  are  restored  to  a  state  ready  for  renewetl  activity,  is  an  automuic 
process  and  controlled  by  mass  action  in  a  reversible  system.  In  the  moderated 
natural  process  of  secretimi,  such  aa  that  of  the  pancreas  induced  by  the  intr»> 
duction  of  acid  into  the  duodenum,  the  fact  that  signs  of  fatigue  appear  in  tbd 
cells  only  after  very  prolonged  activity  shows  that  the  natural  prooess  of 
restitution  keeps  pace  with  the  secretory  activity  of  the  colls. 

On  the  whole,  it  appears  that  the  usual  process  of  secretion  is  somewhat  as  ( 
follows: — During  the  period  of  rest,  the  cells  build  up  compounds  which  are  j 
preliminary  stages  of  constituents  of  the  secretion,  which  is  aftorwarda  set  goinz  \ 
by  excitation,  nervous  or  chemical.    The  formation  of  this  material  is  probably  ' 
a  reversible  reaction,  so  that,  after  a  time,  further  production  ceases,  owin^  to 
accumulation  of  products.    When  the  jjland  is  excited  to  activity,  a  current  of 
water  is  set  tlowing  through  the  cell  by  some  means,  probably  of  an  osmotic  nature 
and  effected  by  a  combination  of  increased  permeability  of  tiie  outer  end  of  tbe  ; 
cell  together  with  splitting  up  of  some  substance  into  smaller  molecules.   Tbii  | 
current  of  water  washes  out  into  the  duct  the  substances  of  the  secretion  already 
8tore<l  in  the  '  ell,  sometimp^  after  they  have  bcon  fin  thor  changed  by  a  process 
which  does  not  take  place  until  the  cells  are  excited  to  secretory  acti\ity.    A*  ; 
the  stored  substances  are  lost  from  the  cell,  there  will  be  a  renewed  formation  to  | 
reestablish  equilibrium ;  so  that;  if  the  activity  is  not  too  violent,  there  will  be 
a  balance  V)etwoen  the  amount  secreted  and  its  new  ftnrmation.    Continoow  | 
secretion  will  thus  be  possible  without  fatigue.    It  will  be  seen  that,  on  this  vifv.  ' 
the  increase*  I  production  in  the  cell  of  the  substances  which  give  rise  afterwards  to 
the  actual  products  contained  in  the  secretion  is  not  to  be  supposed  to  be  under 
the  control  of  the  nervous  system  or  other  excitatory  influence,  but  that  it  is  * 
spontaneous  activity  of  the  cell  itself,  controlled  by  chemical  e(|niUbrium.  Tbas 
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the  trophic  nerves  of  Heidenhain  are  not  tn»phic  in  the  sense  of  presiding  over 
piocesses  of  growth  of  material,  but  control  the  chunges  in  the  coll  which  lead 
to  the  transformatiou  of  stored  substance  into  tho  specific  organic  constituents  of 
the  secreted  fluid. 

ANABOLIC  OB  INHIBITORY  NERVES 

Under  certain  conditions,  atmiulation  of  the  vagus  nerve  stops  a  pancreatic 
seereUoD  in  progress,  owing  to  a  previous  e£feotiye  excitation,  or  from  injection 
of  secretin.  Anrep  (1916)  has  investigated  this  efi'ect  and  finds  that  the 
explanation  lies  in  a  contraction  of  the  ducts.  It  is  not  surprising  that 
this  should  be  the  case,  since,  as  wp  Rhall  see  in  the  next  chapter,  the  vagujs  nerve 
causes  contraction  of  the  intestinal  muscle,  and  the  pancreatic  ducts  are  outgrowths 
from  the  intestine  in  development.  Anrep  placed  a  portion  of  the  pancreas  in  a 
plethyamograph  and  found  that,  during  the  cessation  of  the  outward  flour  of 
secretion,  the  gland  increased  in  volume.  This  latter  fact  shows  that  the  secretion 
continued  to  be  formed,  hut  was  unable  to  escape.  After  a  time,  the  pent-up 
juice  forces  its  way  out  and,  as  the  first  drop  appears,  there  is  a  diminution  in  the 
volume  of  the  gland,  which  returns  to  its  normal  volume  after  the  apparent 
Inhibition  has  ceasecL  It  is  of  interest^  also,  to  note  that  there  is  no  evidence  in 
these  e:i^riment8  of  the  presence  of  vaso-dilator  fibres  in  the  vagus,  nor  of  more 
than  a  minimal  vascular  dilatation  in  the  gland  when  socrr  tin  was  used,  provided 
that  the  preparation  was  free  from  depr^sor  substance  (probably  ^iminazolyl- 
ethyiaiume,  see  Chapter  XXIV.). 

Bradford  (1888,  p.  315)  considers  that  the  most  satishctory  explanation  of  the 
curious  phenomenon  of  the  ^^paxidytic  teeretion**  of  the  submaxillary  gland  is  to 
be  found  in  the  hypothesis  of  a  special  set  of  fibres  in  the  chorda  tympani  nerve. 
Their  function  is  to  check  or  inhibit  the  spontaneous  activity  of  the  gland  cells. 
After  section  of  this  nerve,  a  secretion  of  saliva  commences  in  about  four  hours 
and  lasts  for  some  time,  the  gland  undergoing  atrophy  at  the  same  time.  Furthei 
discnsaion  of  the  action  of  inhibitory  nerves  will  be  found  in  Chapter  XIIL 

ARTIFICIAL  PERFUSION  OF  GLANDS 

How  far  the  chemical  mechanism  applies  to  all  glands  and  whether  there  are 
any  glands  devoid  of  nervous  control,  it  is  not  as  yet  possible  to  state  definitely. 

Although  the  latter  mode  of  excitation  appears  to  be  complete  and  adequate  in 
the  case  of  the  salivary  glands,  some  observations  by  Demoor  (1911,  1912,  1913) 
Fhow  that,  in  the  absence  of  certain  chemical  substances,  stimulation  of  nerves  is 
without  efi'ect.  If  the  submaxillary  gland  is  perfused  with  Ringer's  solution, 
oxygenated,  excitation  of  the  chorda  tympani  nerve  still  brings  about  vaso-dilatation, 
but  no  secretion  of  saliva.  Under  uie  same  conditions,  the  pancreas  produces  no 
juice  when  secretin  is  added  to  the  perfusion  fluid.  At  first  sight,  it  might  Ije 
thought  that  it  is  impossible  to  supply  sufficient  oxygen  merely  by  solution  in  a 
?»aline  solution,  considerinir  the  large  consumption  of  oxygen  by  the  glan<i  cells. 
That  this  is  not  the  cause  of  the  complete  abiience  of  secretion  is  shown,  however, 
by  the  fact  tiiat  if  a  certain  amount  of  serum  of  the  same  animal  (100  cc.  to 
1,400  cc.  of  the  saline  solution)  is  added,  excitation  of  the  chorda  tympani  nerve 
productvi  a  flow  of  secretion,  but  only  for  thirty  to  sixty  seconds.  It  seems 
probable  that  the  presence  of  some  constituent  of  the  serum  is  necessary  for  the 
due  change  in  permeability  of  the  cell  membrane  associated  with  the  proces:?  of 
secretioa.  The  comparatively  small  amount  obtained  may  arise  from  the  previous 
store  in  the  cells,  and  the  oxygen  supply  may  be  insufficient  to  afford  the  energy 
necessary  for  the  new  formation  of  such  substances,  or  only  at  a  minimal  rate. 
Further  observations  by  Demoor  are  reijarded  by  him  as  showincr  that  tlie  wnv  in 
which  a  nerve  acts  in  excitin^:  secretion  is  by  causing  the  production  of  a  cheuii<  al 
substance,  which  itself  act8  on  the  cell  processes  in  a  way  similar  to  that  in  which 
secretin  acts  on  the  pancreas^  This  exciting  substance  is  perhaps  of  the  nature 
of  a  hormone  and  is  carrisd  away  in  the  saliva  secreted.   The  evidence  consists 
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in  the  fact  that  addition  of  saliva  to  the  perfusion  fluid  causes  the  trlanrl  wfcrete. 
The  exciting  substance  is  apparently  of  a  compound  nature,  .since,  att<?r  heating  to 
tii>  C,  saliva  has  lost  its  power  of  pixxiuciug  secretory  activity  from  rest  although 
it  is  still  capable  of  accelerating  the  ra6e  of  flow  when  this  baa  nearly  stopp^ 
Siibsequrat  to  stimulation  of  the  chorda  tympani  nerve. 

The  work  of  Mustin  (1912,  1913)  on  the  pancreas  is  also  of  interest  in  thi:J 
coniicctiou.  Perfusion  with  oxygenated  Ringers  solution,  to  which  s(*cretin  has 
been  added,  does  not  result  in  secretion;  the  addition  of  tiie  blood  or  cert-ain 
liquids  derived  from  it,  such  as  hydrocele  fluid  or  lymph,  is  also  necessary.  The 
author  concludes  that  secretin,  oxygen,  electrolytes,  and  some  substance  contained 
in  blood  must  be  simultaneously  present.  As  far  as  oxygen  is  concerned,  the 
experiments  are  conclusive.  A  mixture  of  blood,  secretin,  and  saline  "^^lution, 
effective  when  oxygenated,  becomes  ineffective  when  the  gases  are  pumped  o£ 
We  can  readily  understand  the  necessity  of  electrolytes  for  irtsintaining  the 
normal  character  of  the  cell  processes,  and  Hustin's  etxperiments  show  Hiat  olood 
dialysed  against  isotonic  sodium  chloride  solution  is  much  less  effective  than 
nornml  blood  ;  even  dialysis  against  Ringer's  solution  sf>*i?n«  to  df^prive  it  of  some 
important  diffusible  constituents,  since  it  is  not  as  ellective  as  non-dialysed  b|o»xl, 
although  greatly  superior  to  that  deprived  of  all  its  Uitfusible  constituents  except 
sodium  chloride. 

For  example  (1913,  p.  89),  the  amount  of  juice  obtained  in  sixteen  minutee  by  the  uae  of 

the  latter  was  0  0'»  c.c.  ;  if  diiily^ed  agtiin'^t  Ringer's  solution,  0*8S  CO.  in  fcirt-  f n  miriut*^. 
rather  more  than  seven  times     much  ;  uith  normal  blood,  0*^  0.0.  in  fourleen  minutes, 
twice  as  much  as  the  preceding. 

The  necessity  of  the  presence  ol  some  substance  contained  in  blood,  other  than  : 
hKmoglobin,  as  carrier  of  oxygen,  is  not  so  satisfactorily  shown.    Washed  red  ! 
corpuf>clps  were  found  to  answer  the  purpose  of  the  whole  blood ;  although  one  ' 
experimeut  was  performed  with  a  solution  of  hn^mofjlobin,  which  was  found 
ineffective,  it  must  be  noted  that  the  material  used  was  a  dried  preparation  by 
Merck,  which  probably  consisted  of  metlmaioglobin  and  could  noti  if  so,  act  as 
an  oxygen  carrier.    The  evidence  that  certain  tissue  extracts  and  lymphatie 
fluids  d  J  not  owe  their  favouring  property  to  their  being  better  oxygen  carriers 
than  the  saline  solution  is  not  sufficient.    Moreover,  it  was  found  impossiltle  to 
separate  any  constituent  from  these  litjuids  which  was  able  to  take  the  }>lace  of 
blood.    The  explanation  of  the  process,  on  the  lines  of  the  Bordet*£hrlich  tlieory 
of  hasmolysis,  does  not  throw  much  light  on  its  actual  nature. 

ELECTRICAL  CHANGES 

A  fairly  considerable  amount  of  work  has  been  done  in  connection  with  the 
dtfierence  of  potential  found,  on  stimulation,  to  occur  between  that  end  of  a 
gland  cell  which  is  in  i*elation  >vith  the  duct,  or  free  surfsoe,  and  that  end  in 

relation  to  the  blood  supply.  The  cause  of  this  phenomenon  has  not  yet  been 
made  out,  bu^  t^H  ie  arc  one  or  two  points  in  the  process  which  have  a  bearing 
on  the  tiuestiuns  before  us. 

Althpugh  it  had  been  known  for  many  years  that  the  various  glandular 
tissues  of  cold-blooded  animals,  and  also  tlie  sweat  glands  of  the  nuunmal,  gave 
rise  to  electrical  changes  on  excitation,  it  was  not  until  1885  that  it  was  possible 
to  investiu''ite  the  different  effects  in  the  salivary  glanrl^  ]>!oduced  by  diff»_*rent 
nerves  from  tin's  point  of  view.  In  that  year,  in  conjunction  with  Bradford,  I 
was  able  to  show  that  tlie  potential  difference  between  the  hilus  of  the  gland 
and  the  oppusito  surface,  that  is,  between  the  duct  and  the  surface  of  1^  odls 
turned  towards  the  blood  vessels,  is  of  the  opposite  sign  when  the  chorda  tympani 
nerve  of  the  dog  is  excited  to  that  wln-n  the  sympathetic  nerve  is  excited.  If 
the  curves  of  Fii,'.  l*  >  are  consulted,  it  will  be  seen  tliat  the  former  is  accompaniM 
b^'  a  large  secretion  of  saliva,  which  follows  a  course  very  nearly  parallel  to  the 
electrical  change,  whereas  the  latter,  of  the  opposite  sign  and  much  smaller, 
results  only  in  the  formation  of  one  drop  of  saliva.  The  support  which  thsM 
two  opposite  effects  give  to  the  hypothesis  of  two  different  kinds  of  nerve  fibrs 
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ViG.  98.  EuocnucAL  cbahobs  nr  tri!  sttbitatcillast  oiiAnd  or  nra  000. 


I7p|>^r  wt  «t  cun'M  (ftU>ve  dott«d  Uu«>^horda  stunuiaiiou.   I'triod  of  stimuUtiQa  muked  hy  thick 
I) lack  line. 

Top  curve — gaivammiet^r  deflettioii. 

BeUom  cun-e— rat«  of  ««cretjon,  d(  lu  <  i!  from  tli«  Intennli  bctWMn  the  dropi  Of  Mlhra  niMfked 

f»n  thf-  line  altove  the*  stiiiiulalion  sign&L 

Lower  e«t  of  curvts— Byropftthetic  MimuUtion. 

To)>  c  urve  -caivajaoni«t«r  Mteottoo.  N«(e  tbAt  It  bM  «8  (^ipoaito  «Urcctic»  to  that  gtvon  «o 

chord*  ■timulfttkm. 
Bottom  eofvo— ntt  «f  Mentku  (approsimotoji  OdIj  one  drop  obtolnod. 

(From  data  by  Baylisa  and  Bradford,  188&> 
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is  obvious.  Just  as  the  sympathetic  fibres  are  known  to  i-equire  a  larger  dose 
of  atropine  iu  order  to  paralyse  theiu  than  the  choitia  fibres  do,  so  the  electrical 
change  from  the  latter  nerre  was  abolished  bj  a  much  smaller  dose  than  tlitt 
from  the  sympathetic.  But  this  refers  only  to  that  part  of  the  electrical  eiect 
fmm  the  chorda  which  is  of  opposite  sign  to  that  of  the  sympathetic.  After  & 
dose  of  atropine  sutiicient  to  pamlyse  the  "8eci*etory"  fibres  of  the  chorda, 
excitation  of  this  nerve  gave  a  small  electrical  effect  of  the  same  sign  as  tha: 
from  the  sympathetic.  This  effect,  normally,  is  swamped  by  the  much  larger 
opposite  one  and  is^  no  doubts  due  to  fibres  of  the  same  kind  as  those  which 
preponderate  in  the  sympathetic.  Tliat  \a30-motor  effects  are  not  conceme«l 
in  tlie  p]tf>i!oraona  is  shown  by  the  fact  that  the  electrical  changes  are  alx)lislie<i 
by  atropine,  which  does  not  aftect  the  vascular  ones.  In  the  cat,  as  was  showi. 
by  Langley  (1875),  botii  nerves  produce  a  watery  secretion  and,  accordingly, 
we  find  that  the  electrical  change  from  both  is  ol  the  same  sign  as  that  of  tlie 
chorda  in  the  dog,  but  is  usually  followed  by  one  of  the  opposite  sign. 

We  therefore  drew  the  conclusion  that  the  electrical  change  of  the  sign  <'f 
the  typical  chorda  effect  iu  the  dog  is  due  to  the  tlow  of  water  (toLcether  with 
saiUi  of  the  blood)  and  that  the  other  one  is  connected  with  the  eiaborauob 
of  the  specific  otganic  tonstltnents  of  the  saliva. 

Further  evidence  of  the  same  kind  was  given  by  the  later  experiments  cf 
Bradford  (1887).    Two  experiments  are  of  particular  interest  (pp.  92,  93).  The 
sympathetic  in  the  dog  was  l>eing  excited,  irivini:  tlif  u'^tml  scanty  viscid  secretion, 
with  the  usual  small  electrical  change.    h)U(idenlv  a  large  electrical  chanire  of  the 
opposite  sign  appeare^l  and,  coincidently,  a  copious  secretion  of  watery  saliva.   In  j 
the  second  experiment  the  chorda  had  been  stimulated  at  intervals  for  an  boor 
and  a  half.   After  such  treatment,  as  Langley  showed  (1889),  and  as  would  not 
be  unexpected,  since  lK)th  nerves  act  on  tho  sime  cells,  stiniulntion  of  th^ 
s^Tnpathetic  is  apt  to  L'ive  a  watery  secretion  f  ir  a  time.    This  was  the  ca^ie  io 
Bradford's  experiment,  but  the  watery  secretion  appeared  only  after  a  long  ; 
latent  period,  during  which  the  electrical  effect  was  of  tiie  usual  ''sympathetie'' 
sign.    As  soon  as  the  watery  secretion  appeared,  there  was  a  change  in  the 
sign  of  the  electrical  effect.    After  a  period  of  rest,  the  sympathetic  failed  to  give  ' 
the  watery  secretion  and  the  usual  "  sympathetic  "  electrical  effect  reappeared. 

The  possible  causes  of  these  changes  will  be  best  appreciated  after  Chapter  XXII.  hw  , 
been  read.  That  the  chorda  effect  is  not  due  to  mere  flow  of  liquid  along  the  dncta  is  shown 
by  another  exj^rinient  of  Bradford's  (p.  98)  in  whiqh  clamping  of  the  duct  had  no  effect  on 
the  electrioal  change.  Removal  of  the  oUmp,  after  stimulation  had  been  stopped,  prodnoed 
no  electrical  effect,  although  a  free  flow  of  salira  took  place  along  the  ducts.  The  eleetnoa) 
change  is  therefore  duo  to  plienoinena  in  the  eelln  themselves. 

The  oorre^nding  changes  in  the  sweat  glands  (Herouuia  aad  Luchsinger,  1878,  1),  ia  . 
the  Ircg*!  skm  (Hennaim,  1878)  and  tongue  (HerBMtm  and  Laolisinger,  1878.  2)  maj  bs 
mentioMd,  tinoe  they  are  easily  obserred.  I 

PRODUCTION  OF  LYMPH 

mtis  phenomenon,  as  due  to  increased  osmotic  pressure  in  tlie  fluid  of  the  lympb 
spaces,  on  account  of  the  ditlusion  into  tliem  of  the  small  nioleeules  of  the 
products  of  metabolism  of  the  active  organ,  has  been  descril)ed  alx)ve  (paije  16^^ 

The  detailed  observations  of  Bainbridge  (1900)  on  the  submaxillary  giaod 

should  be  consulted.  I 

I 

I 

ADAPTATION 

The  possibility  of  increased  production  of  an  appropriate  enzyme^  in  response  t»  1 
the  stimulus  of  a  particular  article  of  food,  has  occurred  to  several  investigitor»  | 
and  positive  results  are  .said  to  have  been  obtained. 

Careful  testing  by  subsequent  olwervers,  however,  showed  the  presence  of 
unsuspected  sources  of  error.  The  only  case  in  which  any  satisfactory  evideaf^ 
exists  is  that  of  the  increased  amyloclastic  action  of  the  saliva,  as  described  by 
Lovatt  Evans  (1913,  1).  Carbohydrate  food  only  had  this  effect  and  mtw 
chewing,  without  swallowing,  is  ineffisctive.   The  simplest  exphination  is  that  * 
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chanaol  mbetance  of  the  nature  of  a 

hormone  is  produced  by  the  action  of  the 
carbohydrate  on  t}ie  mucous  membrane 
1^  the  stomach,  similar  to  the  secretin  of 
Uie  ptacreatic  mechanism. 

THB  KIDNEY 

Owing  to  the  pecuhar  arraugementii 
present,  special  description  of  the 
necbMiism  of  this  organ  is  necesaaty. 

We  have  seeo  that  its  activity  b 
cnnfine<i  to  the  separation  of  substances 
*bich  alreatiy  exist  In  the  blood,  witli 
the  exception  of  hippunc  acid,  and  even 
ID  Hob  ease  the  diemical  change  merely 
consists  in  the  combination  of  glycine 
vith  a  benioyl  group*  both  supplied  by 
the  blood. 

We  have  also  discussed  the  function 
of  the  glomeruli  and  come  to  the  con- 
dmion  that  the  liquid  leaving  their 
uipsales  is  a  filtrate  from  the  blood, 
having  the  same  composition  minus  the 
colloids.  The  urine  as  it  leaves  the 
kidney,  however,  is  much  nioro  concfu- 
irated  and,  a^  we  have  also  seen,  tiie 
fiOQctntration  does  not  aflfect  all  the  con- 
ttitiients  equally.  The  problem  now 
before  us  is  the  way  in  which  this  change 
U  eflfected  cOS  the  glomerular  filtrate  passes 
along  the  tubules,  which  consist  of  a 
series  of  tubes  lined  with  cells  of  various 
stmctoie. 

To  iuid«rstand  the  evideDoe  on  the  ques- 
tion, a  kncAvledge  of  the  structure  of  the 
kidnev  is  necessary.  Tliis  can  bo  obtained 
tram  Otshny's  book  (1917,  pp.  1-14)  or  from 
the  Article  Viy  Metzncr  in  Nagers  Handhti(.'h 
<  1907,  2)  and  it  must  be  assumed  in  what  follows 
•.re.  Fig.  94  will  serve  to  sive  a  general  idea 
(rf  the  anrnogement  of  the  tubules. 

In  the  higher  animals  the  function 

of  the  kidneys  may  be  said  to  be  of  two 
kinds.  In  the  first  place,  non  volatile 
products  of  metabolism,  which  arc  u>)ele.s.s 
or  injnriouB,  have  to  be  removed.  In  the 
second  place,  the  osmotic  pressure  of  the 
blood  has  to  be  kept  constant.  Tliis 
osmotic  pressure  is  due  chiefly  to  tlie 
salts,  so  that  the  excretion  of  salts  nwiat 
be  increaiied  or  diminished,  according  to 
the  amount  taken  in  with  the  food,  and 
that  of  water  adjusted  in  accordance 
with  that  taken  or  lost  in  ways  other  than 
by  the  kidney.  In  the  lower  animals, 
where  the  osmotic  pressure  of  the  body 
fluids  is  that  of  the  solution  in  which  they 
Hve,  the  first  function  is  the  chief  or  only 
ons^  so  that  we  will  take  this  first, 
la 


Fio.  M.  Tub  structobk  or  tub  kidney. 
(Huber.) 

M,  lUIpighiaii  eapmlcfl  oont^ntog  gtonMndf. 
r,  Entrance  ol  blood  reMels  into  giouMniliw. 

n,  Neck. 

IHsUl  convoluted  tttUilM,  arbtof  Cram  inilpigMaD 

corpuscles. 

«,  Spiral  tubule. 

d,  DMOendiii^  Until  of  Henle'n  l<x>p. 

All  the  ftbove  are  letc  white. 
H,  Bend  ot  the  loop. 
a,  Ai»ccn<lin^  limb  of  Henle'is  loop, 
p.Cy  ProxtDMl  coDvolated  lubule. 
/,  Juncllonkl  tulNile. 

n)c*.o  I:wt  tour  pMt>  ere  grey. 
«,  Collecttnif  tubule. 

B,  I>uct  o{  Bellini,  receiving  a  number  o(  (  (.Ile<  fing 
tubule*  and  o|)ening  into  the  cavity  of  the  pelvit 
of  the  kidney. 
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We  have  found  sufficient  evidence  to  show  that  tlie  first  stage  is  a  mere 
filtrntion  from  the  blood.    It  is  clear  that  this,  if  copious  enough,  would  be  ahle  ^ 
to  get  rid  as  far  as  necessary,  of  all  the  non-colloidal  metalwlic  pmriucts.  Rut, 
since  these  are  present  in  very'smaU  concentration  m  the  blood,  a  largo  aniouiiC 
of  water  most  be  filtered  with  them. 

In  the  case  of  water  animals,  this  would  not  be  a  serious  matter.  In  the  fish,  Lophiat 
pUaUorius,  Denis  (1913)  found  that  the  urine  in  the  bladder  bad  a  speoiBc  gravity  of  1*016 
and  contained  only  0*083  per  cent,  of  total  nitrogen,  but  1*08  per  cent,  of  chlorine.  Contrast 
these  figures  with  those  of  one  of  the  higher  laud  vertebrates.  In  man,  the  percentage  of 
nitrc^n  is  about  1,  and  thftt  <^  chlorine  almut  0  -6  per  cent.  It  is  obvumt  tliat  the  eea  fian  bM 
no  need  to  be  careful  as  regards  #ater  and  chlorides. 

In  land  animalfly  where  water  is  often  difficult  to  obtau;  its  loss  would  be 
serious  to  the  organism.    Salts  are  also  of  importance,  so  that  we  find  th  it 
arrangeiiKmts  have  been  evolved  to  dimini'^h  losses  of  both  kinds.  Accordinir; 
to  the  theory  put  forward  by  Ludwig  (l.Si4j,  wat^r  is  absorlied  by  tho  ccUs' 
lining   the  tubules,  as  the  dilute  glomerular  filtrate  passes  over  them.  The 
evid^oe  for  this  must  be  examiiMd.    Farther,  we  have  to  remember  thit! 
mere  concentration  by  removal  of  water  will  not  account  for  the  fact  that  the 
concentration  of  urea  goes  up  very  much  more  than  that  of  sodium  chloride,  to 
take  tlic  two  chief  constituents.    To  do  this,  either  sodium  clilori  h'  must  be 
absorbed,  or  urea  must  be  excreted  in  the  tubules.    It  will  be  noticed  that; 
these  two  compounds  represent  two  distinct  classes  of  substances  which  are 
jiresent  in  the  glomerular  01trat^  which  is  an  indiscriminate  mixture  of .  all  the ! 
*  diffusible  substances  in  the  blood.  Urea  r^resents  the  various  metabolic  products 
which  re<}uire  removal  as  far  as  possible;  sodium  chloride  repre^^f'tits  valuable' 
food-stuiJs,  inclusive  of  glucose,  which  should  not  be  lost  more  thitn  is  avoidable! 
and  &re  present  in  the  glomerular  filtrate  because  they  cannot  help  being  tliere^  i 
if  one  may  use  the  phrase.    Sodium  chloride  itsetf  is  probably  chiefly  of  ; 
importance  for'  the  maintenance  of  tihe  correct  osmotic  pressure  m  the  blood.' 
This  could  be  done  by  other  salts^  but,  as  we  have  seen  above,  those  of  sodium 
are  the  least  toxic.    Where  they  are  not  to  be  oV»tAined  from  earth  or  sea, 
there  is  great  desire  for  them,  especially  in  animals  taking  a  diet  in  which 
vegetable  matter  preponderates,  since  the  food  does  not  contain  sufficient.  The; 
tubules  of  an  ideal  kidney,  therefore,  would  absorb,  together  with  w»ter,  thej 
useful  substances  of  the  filtrate^  leaving  the  metabolites  untouched,  or  em| 
adding  to  them  by  active  secretion.  | 

In  contradistinction  to  the  theory  of  Ludwig,  I^^wman  (1.^4?V  wliile  alsoj 
regarding  the  glomerular  function  as  that  of  filtration,  ))« lu  vnl  that  the  cells  of 
the  tubules  secreted  the  specific  contenUi,  such  us  urea,  unc  acid,  etc.,  while 
the  filtrate  itself,  which  would  be  much  less  copious  than  that  required  by 
Ludwig*s  theory,  contained  only  water  and  salts.    On  p.  75,  Bowman  speaks  of 
the  "escape  of  water"  from  the  blood,  and,  from  the  description  given,  it^ 
seems  evident  that  he  rcgardf!  thp  process  as  a  filtration  effected  by  the  blood  I 
pressure.    In  any  case,  the  total  process  must  involve  work  on  the  part  of  thej 
cells,  since  the  osmotic  pressure  of  the  urine  is  higher  than  that  of  the  blood. 

Absorption  of  Water. — ^If  we  calculate  the  amount  of  glomerular  lUtiate 
which  must  be  concentrated  in  order  to  give  the  daily  output  of  urea,  as  is 
done  by  Starling,  we  find  that  28  litres  of  water  must  be  reabsorbed  hx 
the  tribules  from  30  litres  of  filtrate.  While  it  is  not  impossible  for  so  large  » 
quantity  of  tiuid  to  be  filtered  by  the  glomeruli,  it  seems  a  wasteful  process.  Oe 
the  other  hand,  if  we  confine  our  attention  to  ih»  sodium  chloride,  and  assnine 
that  the  excess  of  urea  is  secreted  by  the  tubules,  only  6  litres  of  filtrate  would 
be  necnsary,  since  1  litre  of  blood  contains  about  2*7  g.  of  sodium  chloride  and 
15  g.  are  excreted  daily.  These  6  litres  would  only  need  conceutratint?  tlo^Ti 
to  1  litres.  It  seems  to  l>e  forgotten  l>y  some  opponents  of  the  reabsorption 
of  water,  as  is  pointed  out  by  Cushny,  that  the  cells  of  the  tubules  are  noJ 
comparable  to  those  of  a  secreting  gland  which  elaborate  new  suhetanoes,  sad 
tliat  their  function  consists  in  the  separation  of  urea,  etc.,  from  tho  bkwd 
Since,  therefore^  the  urea  is  only  present  in  a  very  small  definite  amount  in 
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the  blood,  the  quantity  of  liquid  to  be  dealt  with  bv  tlie  cella  of  the  kidney  is 
the  .same,  whether  it  comes  to  the  cells  from  the  blood  or  from  the  lumen  of 
the  tubuloa. 

Feriupa  tbe  following  k  priori  ootialderatioiis  may  assiat  the  argument.  II 
these  is  no  absorptioii  of  water  bv  the  tnbulee,  it  is  necessary  to  assume  that  not 
only  are  nrea  and  similar  metabolites  secreted  by  the  tubule  cells,  but  also 
iiHeful  substances  like  glucose  and  sodium  ehloridp  Now  it  is  difficult  to  under- 
stAud  wliy  a  wasteful,  or  at  any  rate  uselesi>,  process  should  have  been  produced 
in  the  oonrae  of  evolution.  If  we  confine  our  attention  to  the  higher  land 
OTimaJa,  it  might  aeem  an  inefficient  prooeM  to  filter  off  water  and  solutes  from 
the  Idoody  only  to  be  in  gr^t  part  reabsorbed.  The  ancestral  excretory  oigans, 
however,  were  probaV>ly  merely  filterv,  liV:f>  the  i^lornerulus,  and  the  process  was 
a.  satisfact*>ry  one,  since  there  was  no  neeti  to  pieserve  either  waU-r  or  salts  on 
account  of  their  abundance  iu  the  uceau.  As  regards  organic,  diffusible  food 
materials  wbioh  would  escape  with  the  filtrate,  they  might  be  kept  back  iu  great 
part  by  adsorption  on  colloidal  surface.s  in  the  cdls  of  the  organism.  In  the  course 
of  evolution  on  land,  the  savinc:  '>f  'vater  and  salts  became  moTB  and  more 
Advantageous,  so  that  the  power  of  reabsorpti*>n  began  to  show  itself. 

We  must  not  forget,  moreover,  that  the  Miration  proc^  involves  no  expenditure 
of  eneigy  on  the  part  id  the  kidney  itself,  however  large  Hie  amonnt  filtered.  The 
energy  comes  from  the  heart  and  is  bat  a  small  fraction  of  that  used  in  other  ways. 

Ribbert  (1883)  believes  that  he  haa  positive  evidence  of  the  abaorpticm  of  water  by  the 
tubules  in  the  results  of  removing  the  ineduUa  ol  tbe  rabbit's  kiduey,  which  takes  away  the 
greater  part  of  the  tubules.   It  was  found  that  a  muoh  more  dilute  urine  was  excretsd.  But 

the  kidney  i^:  n  ry  5;rn^irive  organ,  met  the  procedure  a  aomewhat  violent  onef  ao  that  too 
niuch  str^s  nmsi  not  Im  laid  on  these  experiinents. 

Absorption  of  water,  in  the  mammal  entirely  performed  in  the  renal  tubules 
themselves,  appears  to  take  place  also  in  the  doaca,  or  posterior  part  of  the 
aUmentaiy  canal,  in  the  bird.  Sharpe  (1912)  finds  that  the  urine  is  a  clear  liquid  in 
the  ureter  and  only  attains  its  well-known  semi-solid  nature  after  leavini;  the  ureter. 

If  we  grant  the  process  of  glomerular  fihration,  and  the  evidonct'  for  thi.s  is 
overwhelming,  the  fact  that  the  urine  contains  a  larger  percentage  of  sodium 
diloride  than  the  Uood  does^  is  an  indirect  proof  of  absorption  of  water.  For,  as 
we  shall  see  later,  there  is  every  reason  to  believe  that  no  secretion  of  sodium 
chloride  occurs  in  the  tubules. 

So  far,  tlien,  we  may  state  what  appears  to  be  the  most  probable  view  thus: 
The  glomeruli  filter  from  the  hl(>(»d  .suthcieut  lluid  to  contain  the  whole  of  the 
sodium  chloride  excreted  and  probably  luure;  part  of  the  water  together  with 
a  part  of  the  valuable  solutes,  such  as  sodium  chloride,  glucose  and  amino-acids, 
is  reabsorbed  in  the  tubules. 

Absorption  ofSohite.^hy  Tufn/Ifs. — Tn  the  frog,  owing  to  the  fact  that  the  glomeruli 

are  supplied  by  blood  directly  from  the  aorta,  while  the  tubules  are  supplied  from  a 

separate  renal  portal  vein,  it  is  possible  to  investigate  the  two  systems  separately. 

I  do  not  propose  to  describe  the  earlier  experiments  of  Nussbaum  and  othen,  sinoe  they 
were  to  a  certain  extent  inconclusive,  on  account  of  neglect  of  the  fact  that,  while  the  renal 
portal  blood  supplies  the  tubules  alooe,  the  arterial  blood  from  the  aorta,  after  passing  tbroiu^ 
the  glomeruli,  supplies  the  tubules  with  oxygenated  blood,  so  that  outting  off  the  gTomenilar 

circulatiuii  at  the  same  time  cause<I  deatli  of  the  tubuh-H  from  asphyxia.  Those  interentetl  will 
iind  a  description  of  the  experiments  in  the  work  of  Starling  (I'J'Jfl).  ur  of  Metzn<  r  (19U7,  *2). 

The  later  experiments  of  Bainbridge,  Collins,  and  Meozies  (^^^^  have  brought 
out  some  points  of  interest,  to  whidi  bnirf  referenoe  may  be  mada  Tho  urine  of  the 
frog  is  normally  of  a  lower  osmotic  pressure  than  the  blood,  or,  if  the  kidney  is 
perfused  with  Ringer's  solution,  the  salt  concentration  of  the  urine  is  lower  than  that 
of  the  Ringer's  solution.  This  state  of  affairs  is  brought  aVnait  by  the  tubules, 
since,  when  they  are  poisoned,  the  urine  is  always  isotonic  with  the  solution 
perfused,  that  is,  it  is  a  pure  glomerular  filtrate.  Now  this  activity  of  the  tubules 
may  be  due  nther  to  secretion  of  water  or  to  absorption  of  salts.  Ko  evidence 
•oould  be  obtained  of  the  former  except,  perhaps,  under  the  influence  of  some  diurt-tic 
agent  such  urea.  Sodiuro  chloriiic  mu'  t  tlierefore  be  absorbed.  The  frog,  being 
essentially  a  water  animal,  is  under  no  necessity  of  hoarding  water  and,  in  fact,  it 
has  been  stated  that  the  urine  sw:reted  in  tweuty-fuur  Lours  may  exceed  tiie  total 
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weight  of  the  body.  It  would  seem  possiblo,  then,  that  the  whole  of  its  excretorr 
prudurts  could  Ije  got  rid  of  by  inert'  filtration ;  but  it  is  important  that  the  valuable 
fiubiitunces,  like  sodium  chloride  and  glucose,  also  ia  the  filtrate,  should  be  retained 

Experiments  made  by  Ciuhny  )  point  in  the  same  direction.  In  the  later 
stages  of  the  diuresis  brought  about  by  injection  of  a  mixture  of  sodium  cliloriiie 
and  sulphate,  the  proportion  of  chloride  to  -.'ulphat^  in  the  bl(-»od  was  0  4  93  to 
01 01,  whereas  in  the  urine  it  was  O  OO^t  to  li'U.  The  sulphate  is  much  lesn  readily 
abiiorbed  by  the  tubule  ceils  than  the  chloride  is,  as  by  cells  in  general,  and  it  is 
evident  that  the  &ct  favoars  the  reabsorption  of  the  Talnable  dilorlde.  It  is 
possible  that  the  foreign  sufphate  may  actually  be  excreted  by  the  tubalesi,  bat 
there  is  no  direct  evidence  of  the  fact.  During  the  maximum  of  diuresis,  the 
concentrations  of  the  two  salts  in  the  vnino  approach  much  nioro  closely  t(>  tlir^se 
in  the  blood,  although  that  of  the  suipliate  is  higher  than  in  the  blood,  while  that 
of  the  chloride  is  lower.  It  is  clear  that  the  faster  the  liquid  passes  along  the 
tubulesy  the  lees  opportunity  is  there  for  the  aetinty  of  the  cells  of  the  tubaks  to 
eflfect  changes  in  its  composition,  so  that  the  more  rapidly  the  urine  is  produced, 
the  more  nearly  is  it  isotonic  with  the  Tilood.  Tt  is  impnrtnnt  to  notice  that,  in 
Cushny's  ex{>erimeuts,  the  percentage  of  diloride  in  the  urine  was  never  higher 
than  in  the  blood.  It  would  appear  from  some  experiments  by  Loewi  (li*02)  that 
mere  diffusibility  is  not  the  only  controlling  factor  when  poiscaioaa  salts  are 
concerned,  since  sodium  iodide  is  excreted  as  elfoefively  as  sodium  snlphate. 

Cushny  also  performed  some  experiments  in  which  the  kidney  was  caused  to 
secrete  under  an  increased  presfsure  in  the  ureter,  so  that  the  plomemlar  filtrate 
reiuaiued  longer  in  contact  with  the  tubules.  The  results  showed  a  greater 
absorption  of  sodium  chloride  than  of  sulphate  and  urea.  Of  course,  the  total 
amount  of  filtrate  is  less  under  the  increased  ureter  pressure,  so  that  one  oan  only 
compare  the  proportions  of  the  different  constituents  and  the  experiments  do  not 
show  that  there  was  in  fact  any  absorption  of  sulphate  or  urea. 

If  an  animal  receives  no  sodium  chloride  in  the  food  for  several  days,  the  serum 
still  GontaiiiH  nearly  the  whole  of  its  normal  amount,  but  the  urine  practically  none, 
Yerv  nearly  the  whole  of  that  filtered  through  in  the  glomeruli  must  be  reabsorbed 
in  the  tubules. 

As  already  pointed  out,  the  filtration  process  tends  to  cause  a  \rm  of  food 
materials,  so  far  as  these  are  non-colloidal,  as  indeed  those  of  the  blood  are 
Althougli  a  part  of  th^  may  be  held  in  adsorption  equilibrium,  even  glueof*e 
itself,  as  pointed  out  above  (page  57),  a  certain  quantity  must  escape  in  proportioti 
to  the  amount  of  the  filtrate.  In  fsct,  small  amounts  of  gluoose  and  amuiiHusds 
are  normally  present  in  the  urina  Nishi  (1910),  however,  brings  evidence  that 
there  is  absorption  of  sugar  in  the  tubules  of  the  cortex.  Even  when  excess  of 
glucose  is  present  in  the  blood,  it  is  found  that  the  medulla  of  the  kidney  contain.-* 
none,  although  it  is  present  in  the  cortex.  If  diuresis  is  produced,  glucose  is  present 
in  both  parte.  The  obrious  ex|[)Ianatioii  of  the  results  is  that  most  of  that  present 
in  the  glomerular  filtrate  is  reabsorbed  in  the  tubules,  except  wlien  the  current  is 
too  rapid  (<•  jdltpw  suflneient  tiine.  Some  experiments  ))V  Bjusler  (1906)  support  thi*» 
view.  Sugar  solution  was  nm  into  the  ureter  of  one  side  under  a  pressure  of 
26  mm.  of  water  and  was  fouud  to  be  present  in  the  urine  of  the  opposite  side. 

In  experiments  of  this  kind,  however,  it  most  be  remembered  that  unless  we  amanie  oomplete 

inijiermeabilityof  the  tubulo  cells  to  the  particular  substance  in  question. ditTiisi on  niu.sl  takepUoe 
to  sonic  extent,  if  the  concentration  is  greater  in  the  lumen  of  the  tulniles  than  in  the  bloodvessel*. 

Fur  the  reason  last  mentioned,  most  of  the  earlier  experiments  with  dyes  are 
capable  of  interpretation  either  on  the  hypothesis  of  absorption  or  of  aeoretaon. 
This  objection  does  not  seem  to  hold  for  those  of  Ghiron  (1913),  who  injected  a 
small  amount  of  aniline-blue  or  Conuo  red  into  a  vein,  while  observing  with  the 

mirrosropc  iIh-  surface  of  the  living  kidru-v  of  the  mouse  (for  the  method,  ^m* 
tjiuron  .s  jmper  of  1912).  It  was  seen  that  a  pale  hluc  or  red  glomerular  tiltiittt' 
first  appeared  in  the  convoluted  tubules.  This  would  have  the  same  conceiitraliou 
in  dye  as  that  of  the  blood,  so  that  no  dye  would  pass  through  the  cells  of  the 
tubules  by  mere  diffusion,  sine*  the  concentration  would  be  the  same  on  both 
sides.  But  it  was  sf^en  that  the  l>order  of  the  cells  n.-xt  the  lumen  was  the  fir<;t 
to  become  filled  witlt  particles  of  dye,  which  gradually  passed  towards  the  side 
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tho  capillut  ios.    So  tliat  tlio  cells  evidently  absorbed  material  Irom  the  liimeii  and 

passed  it  back  to  the  blood. 

The  Normal  Process. — We  arrive  then  at  the  following  conception  of  the 
normal  process  of  renal  activity  in  the  higher  land  animal^  as  was  sketched  in 
outline  above.   By  a  retention  of  the  pure  filtration  process  of  the  lower  animals, 

a  filtrate  is  first  made,  which  contains  all  the  non-colloidal  constituents  of  the 
blood  in  the  samp  conceiitrutiou  as  therein.  But,  if  this  wore  to  sutheient 
to  carry  away  the  whole  of  the  waste  products,  which  are  preseut  in  very 
low  concentration  in  the  blood,  an  enormous  loss,  both  of  water  and  of  valuable 
constitaenta,  would  be  entaOed.  To  meet  this,  a  mechanism  has  been  developed, 
by  which  not  only  a  great  part  of  the  watM*  is  reabsorbed,  but  also  a  large 
proportion  of  the  valuable  '=aUs,  such  as  sodium  chloride,  and  also  organic  food- 
Btull's,  such  as  glucose  and  amiuo-acids. 

It  is  to  be  noted  that  the  increase  in  osmotic  concentration,  hereby  produced, 
requires  the  expenditure  of  energy.  This  must  be  aflbrded  by  oxidation  processes 
in  the  living  ocdls  of  the  tubules,  the  mechanism  of  which  is  still  unknown. 

We  have  hitherto  referred  to  the  absorption  of  water  and  of  solutes  as  if  they 
were  carried  out  separately,  but  Cushny  (1917)  has  shown  how  much  more 
satisfactorily  the  whole  of  the  phenomena  connected  with  renal  activity  can 
be  explained,  if  we  suppo&e  that  the  fiuid  actually  absorbed  has  the  composition  of 
Ringerolioeke'a  solntion,  that  is,  a  fluid  containing  tlie  normal  salts  of  the  plasma 
in  the  same  proportion  as  therein,  together  with  the  glucose,  amin04kcids  and 
f>ther  v?ihi:^hIo  rli£fusible  constituents.    Excretory  product <,  such  as  urea,  together 
witli  foreign  salts  and  other  foreign  crystalloids,  are  refused  absorption  by  the 
cells  of  the  tubules.    In  other  words,  th^  cells  have  developed  the  capacity  of 
taking  up  a  particolar  fluid  which  corresponds  to  the  useful  part  ^  the  blood,  minus 
its  colloids.   The  con.siituents  of  this  fiuid  are  present  in  the  same  concentration  as 
in  normal  blood.    This  is  the  distinction  made  by  Cushny  between  the  **  Threshold 
;ind  No-threshold"  substances.    The  former  are  returned  to  th.*'  blood,  the  latter 
escape  by  the  ureter.    If  the  plasma  contains  too  much  glucose  or  chloride,  the 
tubolee  only  return  the  optimal  or  threshold  concentration,  and  the  rest  is  excreted. 
If  the  glomerular  filtrate  is  too  dilute  owing  to  the  taking  up  of  water  by  the 
blood,  "the subtraction  of  the  cmtimal solution  leaves  the  excess  water  in  tlie  uruie.*' 
It  is  important  t')  n<>tp,  as  Cushny  remarks  (1917,  p.  48),  that  "the  ab  orption 
in  the  tubules  is  independent  of  any  discrimination,  for  the  tluid  absorbed  is 
always  the  same,  whatever  the  needs  of  the  organism  at  the  moment."  But 
we  sec^  at  the  same  time,  how  the  constant  composition  of  the  blood  is  ensured. 

Another  point  to  be  remembered  is  that  "the  presence  of  any  unabsorbable 
substance  in  the  fluid  passing  along  the  tubules  limits  the  absorption  of  fluid,  for 
it  offers  osmotic  resistance,"  which  increases  until  the  cell  activity  unable  to 
overcome  it.  The  urine  can  never,  therefore,  exceed  a  certain  concentration, 
wbidi  differs  in  diflbrent  animals. 

The  reader  may  have  noticed  that  no  farther  mention  has  been  made  of  the 
possibility  referred  to  on  page  354,  namely,  that  urea  might  be  excreted  into  the 
glomendar  filtrate  as  it  passes  along  the  tubules.  Although  this  view  is  widely 
iield,  the  evidence  for  it  has  never  been  great,  and  Cushny  (1917,  pp.  58-74), 
after  subjection  of  this  evidence  to  careful  criticism,  has  come  to  the  conclusion 
that  the  resnlts  can  be  better  explained  in  other  ways  than  by  secretory  activity. 
He  brings  further  direct  evidence,  showing  that  "  the  excretion  of  urea  ceases  at  the 
«une  time  as  that  of  watt-r,  and  that  tlie  cells  of  the  tubules  arc  unable  to  accumu- 
late it  either  in  their  interior  or  in  the  lumen  in  the  absence  of  a  tlow  of  urine  " 

The  question  of  the  reaction  of  the  urine  is  discussed  in  Cushny  s  monograph 
(pp.  165-173).  It  is  shown  how  it  can  be  explained  by  the  presence  of  hydrolyied 
salts,  such  as  phosphates,  in  the  glomerular  filtrate.  The  free  base  is  absorbed  by 
the  tubule  cells,  while  the  undesirable  acid  is  rejected. 

Further  details  of  the  way  in  which  other  phenomena  connected  with  renal 
activity  can  be  explained  on  the  basis  of  Cushny's  **  modern  view must  bo 
obtained  from  the  book  itself.  The  special  case  of  hypotonic  urine  is  treatefl  on 
|p.  143-145.  !nu8  view,  while  being  conriderably  less  complex  than  othersi 
ii  nsvertheiess  able  to  explain  all  the  f£sts. 
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TiiE  NERVOUS  MECHANISM  OF  IHK  KIDNFA" 

Since  tho  rate  of  filtration  from  the  glomerulus  depends  on  the  difference  bctwe<*n 
the  pressure  of  the  hloo<l  in  it  and  tlie  pressure  outside,  it  is  clear  that  any  process* 
increasing  the  difference  wiii  increajse  the  rate  of  flow.  Rise  of  general  blood 
pressure,  prodncod  by  iae«i8  to  be  described  in  Ghaj^r  XXIIL,  ia  one  of  tbesa 
Dilatation  of  the  atterioles  of  the  kidney  on  the  heart  eide  of  the  glomeruli  them- 
selves is  another  means,  and,  clearly,  a  combination  of  the  two  would  be  most 
effective.  Conversely,  a  diminution  of  general  bio o  ^  pressure,  or  a  c<>Tj^triction  of 
renal  arterioles,  decreases  tlie  rate  of  flow.  The  kidney  is,  in  tact,  copiously 
supplied  with  raeo^nstrictor  nerves,  and  to  some  extent  with  Taso-diktor  Mttvei^ 
so  that  the  requisite  mechanism  is  not  wanting. 

We  have  seen  further  that  the  oellt  of  the  tubules  intervene  by  active  processes 
requiring  the  consumption  of  energy,  so  that  it  does  not  seoin  improbable  that 
excitatory  nerves  may  exist.  Histologists  have  described  nerve  tibres  ending  in  tl»e 
cells  of  the  tubules  (see  especially  the  work  of  Smirnov,  1901,  one  of  whose  figuree 
is  reproduced  in  Fig.  474  on  p.  374  of  Sch«fer's  '*  Essentials  of  Histology  "). 

Certain  ex perinental evidence  has  been  brought  forward  by  Rohde  and  Ellingei  (It^lS)  tiut 
the  splanchnic  nerve  contains  fibres  which  inhibit  the  activity  of  the  tulmle  ot'lls.  'l  lie  chief 
fact  in  support  of  tliis  view  seems  to  l>«  that  the  diuretic  effects  of  section  of  the  renal  nerves, 
due  in  the  fiT»%  place  to  recnovRl  of  tonic  vaso  oon.Htrictor  impnlsiw,  lasts  for  several  montha, 
by  wliich  time  it  is  (»upposed  that  the  renal  arterioles  have  recovered  from  the  inime<liat»» 
eiiect  ot  the  section,  it  is  to  be  remembered  that  vaso-oonstnctor  reiiexe«  are  probably  beut^ 
mot  to  the  intact  gland  during  the  time  of  obaervatioo,  which  are  the  cause  of  a  diminishea 
secretion  on  this  side ;  on  the  side  of  the  section,  of  cotin^e,  they  woitld  be  nlm-nt.  Some 
other  evidence,  with  regard  to  the  stjlid  eonstitueuLs  of  the  urtne,  seenm  to  nie  to  be  explicable 
by  the  vasomotor  change,  ^^ith()ut  the  necessity  of  assaming  eeoretory  ii€»r%'e8.  Ajuer  and 
Poarce  (1013)  believe  that  tiiev  iiave  evidence  that  there  are  secretory  nerve*  to  the  kidnej 
contained  in  the  vagus  nerve,  hut  the  evidence  that  all  vasomotor  action  was  excluded  is  not 
altogether  satisfactory.  Some  observers  had  previously  8tate<;l  that  this  nerve  contairtf 
inhibitory  fibres  for  the  secretion  of  urine  (see  Bradford,  1889,  p.  395).  Bradford  himself 
was  unable  to  find  any  vaso-motor  fibres  in  the  nerve  (see  Cnshny,  1917,  pp.  10  and  11). 
Fterce  (1915)  Hnds  that  the  vagus  does  not  affect  the  gMSOUS  metalK^lism  of  the  kidney. 

An  interesting  morphological  point  was  made  out  by  Bradford  (1889)  in  his 
investigation  of  the  ner%'e  roots  by  which  the  npnal  nerves  leave  the  spinal  cord. 
The  area  is  a  very  extensive  one,  from  the  4th  thoracic  to  the  4th  lumbar,  although 
the  lai^gest  number  are  oontained  in  the  11th,  12th,  and  13th  thoiade.  Tboa 
long  area  is  of  interest  in  connection  witii  the  ancestral  origin  of  the  kidney  from 
a  series  of  segrnetital  organs  oKtending  over  a  considerable  number  of  segmenta.  • 

Diuretici. — All  substances,  mieb  as  salts,  sugar,  etc.,  whiffi  raise  the  o-<niotic 
pressure  of  the  blood,  bring  about  tho  passage  of  water  from  the  tissues  into  the 
blood  and  thus  decrease  the  osmotic  pressure  of  the  colloids  of  the  blood.  The 
pressure  necessary  to  separate  the  glomenikur  filtrate  is  thus  lednoed,  or,  if  it 
remains  constant,  the  rate  of  filtration  is  increased.  The  presence  of  a  foreiga 
salt,  such  as  sulphate,  wlilch  is  not  al^sorbed,  hold.s  back  water.  In  the  experi- 
ments ot"  Barcroft  and  Straub  (1910),  it  appears  at  first  sight  as  if  sulphate 
excretion  i*equired  more  oxygen  consumption,  but,  if  the  figures  arc  examined 
(see  Cushny,  1917,  p.  37),  it  turns  out  that  more  sulphate  was  actually  eliminated 
in  the  period  with  Ringer  solutiw  and  no  increase  of  oxygen  consumption,  though 
the  percentage  was  less.  The  increase  in  consumption  of  oxygen  seems  to  be  doe 
to  the  extra  work  of  concentration. 

L'rea  causes  diuresis  by  dilatation  of  the  renal  arterioles,  without  any  consider- 
able effect  on  the  general  blood  pressure.  The  diuretic  effect  of  glucose  lasts 
longer  than  its  eroct  on  the  concentration  ol  the  blood  plasma  ("hydnemie 
plethora"),  so  that  it  seems  to  bring  about  a  local  dilatation  of  the  kidney 
arteriole^,  in  addition  to  its  dilution  effect. 

It  haa  been  shown  by  Cushny  ( l*JOli)  that  if  tlie  increased  bhxxi  flow  through 
the  kidney,  produced  by  injection  of  3  per  cent,  sodium  chloride,  be  brought  back 
to  its  initial  rate  by  an  adjustable  clamp  on  the  renal  artery,  the  diuresis  ceases; 
so  that  the  vascular  change  is  the  rssponsible  factor  and  no  specific  action  on  1^ 
cells  is  present. 

Certain  evidence  indicates  that  such  specific  diuretics  as  the  purine  deiivatLTefl^ 
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caffeintf  He,  nmy  hmre  a  paralytio  «£fect  on  the  absorption  by  the  tubules.  We 
have  seen  al>ove  that,  although  an  animal  may  be  deprived  of  chlorides  in  the  food, 
tiie  blcxxl  continues  to  preserve  nearly  its  nt^mml  concentration  (0'7  per  cent.)  in 
sodium  chloridei  while  the  urine  may  contain  a^  little  as  O'OS  per  cent)  owing  to 
the  almoBt  ixiiiiplele  reabsorptioti  of  this  important  salt  by  the  tubules.  Undw 
tbese  oonditiotis,  if  one  of  the  diuretic  drugs  referred  to  be  administered,  the 
amount  of  the  urine  is  increased  and  the  sodium  chloride  goes  up  to  0*64  per  cent., 
as  shown  bv  P'ttot<<ky  (1902).  ^^ncli  nn  increa^^e  is  considerably  greater  than 
would  be  accounted  for  by  the  lesseiie<l  absorption  of  sodium  chloride  on  account 
of  the  more  rapid  pas.-iage  along  the  tubules. 

An  interesting  spedfio  diuretic  action  is  exerted  by  a  hormone  formed  by  the 
pituitary  glandy  as  described  by  IVIagnusand  Schttfer  (1901)  and  by  Schllfer  and 
Hming  (1906).  Extracts  of  this  organ  cause  a  rise  of  blood  pressure  together 
with  vapo-^lilatatioii  if  tlie  kidney  and  increased  flow  of  urine.  The  diuresis  and 
kidnev  dilatattua  lu-it  lunger  than  the  rise  of  general  bloo<i  pressure,  so  that  there 
muist  be  a  speciiic  eil'ect  on  the  kidney  itself.  The  fact  is  suggestive  in  connection 
with  the  view  taken  by  Qaskell  (1908,  pp.  215  and  S21)  of  the  origin  of  the 
pituitary  body  from  the  coxal  glands  of  the  invertebrate  ancestor,  which  were 
excretory  in  function  and  remain  the  chief  excretory  organ  in  Limulus.  One  is 
remindcM^l  also  of  the  effect  of  saliva  in  producing  activity  of  the  sttbmaxiUary 
gland,  as  described  by  Demoor  (1913). 

CERTAIN  PECULIAR  FORMS  OF  SECRETION 

Some  special  products  of  secretory  activity  may  hf  i-efcrred  to  briefly  in  order 
to  ^how  great  variety  of  products  which  dbSereut  organisms  are  able  to 
QiADufacture. 

Acid  amd  AlkoH, — In  the  large  mollusc,  Dolium  gtdea^  a  hind  of  salivary  gland 
exists,  which  produces  sulphuric  acid  of  Uie  strength  of  4  to  5  p^  cent  (Preyer, 
1866),  apparently  used  for  attacking  the  calcareous  shells  and  spineaof  starnsh, 

and  other  echinoderms  used  as  food.  The  same  purpose  is  pro^ablv  served  by  the 
large  percenta^'e  of  H«t>;i!  ti«;  acid  produced  by  some  related  jiu.illuscs.  It  seem.s 
desirable  that  Llie  iacl  of  secretion  of  5  per  cent,  sulphuric  acid  should  be  re- 
iDvestigated. 

The  production  of  hydrochloric  acid  in  the  stomach,  of  decimolar  or  even 

higher  concentration,  has  not  yet  received  a  satisfactory  explanation.  It  is  clear 
that  a  large  amount  nf  osmotic  work  must  be  done  in  the  pnxiess,  and  it  is 
difficult  to  suggest  a  possible  chemical  reaction  by  whicii  it  might  ha  obtained 
under  the  conditions  compatible  with  cell  life.  Miss  Fitzgerald  (1910)  gives  some 
hypotheses  on  the  question.  In  a  mixture  of  chlorides  and  acid  phosphates, 
there  will  be  present  both  H*  and  Cr  ions,  so  that  if  the  cell  membrane  is 
penneable  to  these  and  not  to  other  ions  of  the  cell  contents,  it  seetrm  possible 
diat  the  wcretion  may  be  explained,  although  the  hypothesis  is  doubtful. 

Koeppe  (1900)  shows,  that  if  the  oell  membrane  is  permeable  to  cations  (H'  and  Na*}, 
iapsmeable  to  anions  (CI'),  acid  might  appear  oattide  the  cell  (Findlay,  1905,  p.  50). 
AUhongh  this  appears  to  be  the  usual  state  oi  the  cell  memhrAno  an  recrnnls  its  permeability 
(ikjrliw,  1919,  3,  p.  83),  the  experiments  of  BenratU  and  bachs  (1905)  du  not  confirm  the 
hjpotlMsis  as  isfHds  gastric  jvioe. 

The  fact  of  the  production  of  an  acid  reaction  when  an  electro  negative  edioid, 
mch  as  arsenious  sulphide,  is  thrown  down  by  neutral  salts  of  barium,  etc.,  as 
mentioned  above  (page  94),  may  have  some  connertinn  with  the  phenomenon.  It 
is,  perhaps,  most  likely  that  tlie  sui-face  action  ot  colloi«i.s  may  ultimately  afl'ord 
a  satisfactory  explanation,  when  taken  iu  connection  with  special  arrangements  of 
the  cell  membrane  as  regards  permeability. 

Similar  remarks  apply  to  the  production  of  a  secretion  of  alkaline  reaction,  such 
SB  the  pancreatic  juice. 

The  cuttle-fish.  Sepia,  as  is  well  known,  produces  an  inky  fluid  to  cover  its 
retreat  from  enemies.  The  pigment  contained  in  this  accretion  is  used  by  artists 
w  a  pleasant  warm  black  or  brown  paint.  It  is  one  of  those  black  or  brown 
compounds  known  as  melanins,  and,  according  to  von  Furth  (1903,  p.  372),  is 
iatmi  in  the  euttle-flsh  by  the  action  of  an  oxidising  ensyme,  tyrosinase^  on  tyrosinek 
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Poisons. — ^laiiy  interosting  substances  of  this  class  are  to  be  met  with, 
80iuetimes  produced  for  the  capture  of  tood,  sometiiues  for  defensive  or  offensive 
purposes  against  enemies.  The  mason  wasp  injects,  with  its  sting,  a  toxic 
substance  into  the  nerve  ganglia  of  its  prey,  spiders.  This  produces  paralysis^ 
>vhile  the  spiders  still  remain  living  and  ready  for  food  when  wanted.  The  wasp, 
in  fact,  deposits  an  eg<»  in  proximity  to  the  paralysed  spider,  so  that,  when  the 
grub  habches,  it  finds  iimh  food,  living  but  powerlesS|  readj  for  it  to  consume  (see 
Warburtou's  "Manual,"  1912,  p.  124). 

Heme  (1913)  shows  that  the  pmson  used  hy  c^halopods  to  paralyse  their 
prey,  especially  crabs,  can  be  extracted  by  alcohol  from  the  posterior  "  salivary" 
glands.  The  active  substance  is  found  to  V>e  para  liydroxy  plu'iiylethylamine, 
which  was  shown  by  Baiger  and  Walpole  (Barger  anfl  Dale,  1910,  p.  31)  to  be 
produced  from  tyiosine.  by  removal  of  COj,  in  the  putrefaction  of  meat  The 
chemical  relationship  of  this  sabstance  to  adrenalino  is  of  interest  in  ykw  flf 
the  production  of  this  Utter  in  the  oiganisms.   Thus : — 

OH  OH 
H        H  H  OH 

hI^h  ^  \y  ^ 


H,  HCOH 
I  I 


Nlij  CH«NH 
Cm'hydnn^-phenylethjrlsminA,  Adrenaliiit. 

It  is  also  interesting  to  note  that  Sepia,  one  of  the  cephalopods,  makes  qm  of 
tyrosine  in  another  way,  to  form  the  black  pigment  of  its  inky  secretion,  as 

mentioned  above. 

Salivary  glands  in  the  snakes  have  been  differentiated  into  organs  for  the 
formation  of  extremely  powerful  poisons.   These  are  of  two  main  classes :  some^ 

such  as  that  of  the  Australian  black  snake  {Pseudediis  porphyrmca)^  investigaled 
by  C.  J.  Martin  (1894),  act  on  the  blood,  causing  intravascular  clotting;  some  of 
this  class  alw  contain  hfeniolytic  substances.  The  other  cla&s,  typified  hv  the 
Cobra,  causes  paruly^ib  of  respiration  (Lamb,  1903),  but  Cushny  and  Yagi  (1916) 
show  that  the  only  action  of  cobra  venom  is  like  that  of  curare  to  paralyse  motor 
nerve  endings,  and  that  other  effects  are  indirect.  For  other  snake  poisons,  see 
Prazer  and  Gunn  (1909  and  1912). 

The  meaninir  of  the  enormous  variety  of  toxic  and  other  alkaloids  produced  by 
plants  is  very  dilHcuit  of  explanation.  It  would  seem  that)  if  their  prince  were 
merely  to  avoid  being  eaten  by  animals,  one  or  two  distasteful  substances  would 
have  sufficed.  It  may  he  that  they  are  in  many  cases,  as  it  werSt  accidental  by* 
products  of  metabolism,  although  the  possibility  of  scmie  hitherto  unknown  action 
on  nutritive  proee«'ses  must  not  be  forgotten. 

Hirudin. — it  ha.s  lonij;  been  known  that  the  blood  sucked  by  the  leech  into 
its  alimcntai-y  canal  reiijuia:5  li4uid,  and  it  was  found  by  llaycraft  (1^584)  that  there 
are  certain  unicellular  glands,  close  to  the  mouth  of  these  animals,  which  secrete 
a  substance  which  has  the  power  of  depriving  blood  of  its  coagulating  property. 
This  it  does  both  when  injected  into  the  blood  ^  essels  of  a  living  animal,  or  when 
afldcd  to  the  blood  in  vitro.  The  leech  appears  to  benetit  fr(jin  the  aj-rangeuient 
in  two  ways :  there  is  no  risk  of  blocking  of  the  fine  incision  made  by  its  teeth  in 
the  skin  of  the  animal  attacked  and  from  which  it  is  sucking  blood,  and  the  blood 
in  its  alimentary  canal  is  naturally  more  accessible  to  the  action  of  enzymes  than 
if  solidified. 

The  substance,  which  can  be  obtained  in  solution  by  extracting  the  heads  of 
the  leeches  with  waier,  cither  directly,  as  in  Abel's  method  (1914),  or  after 
drying  with  alcohol,  us  in  that  used  by  Haycraf  t,  has  been  of  great  serWce  in 
experiments  where  it  is  necessary  to  collect  blood  from  the  vdns  of  organs  or  to 
measure  its  rate  of  flow.  This  applies  both  to  organs  in  sUu  and  to  artificia] 
perfusions.  The  V)1(xk1  rendered  non  CfiacrulAble  by  this  means  appears  to  be 
more  normal  than  if  defibrinatcd  by  whipping ;  rabbits  are  killed  by  injection  of 
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their  own  deftbrinated  blood,  but  are  onafibeted  b^  extract  of  leechea.  A  dry 
oommercial  preparation  of  great  activity,  known  as  "  hirudin,"  which  is  made  by 

the  method  desfriliprl  l)v  Franz  (1903),  is  much  used.  Franz  regards  the  active 
constituent  as  being  a  kind  of  albumose.  Abel  finds  that  it  is  in -colloidal  aolntion 
in  water. 

Silk  and  the  similar  substance  of  spiders*  webs  are  very  interesting  products  of 
secretion.  Tliey  are  of  protein  nature  and  are  formed  in  the  liquid  state  bj  special 
ghinds.  The  liquid  is  forced  through  fine  apertures  and  rapidly  sets  in  contact  with 
air.  By  openiiii:  up  the  silkworms,  a  considerable  quantity  of  the  liquid  secretion 
can  be  obtained,  wliichcau  then  be  used  for  making  libres  of  greater  thickness  than 
those  made  by  the  insects  themselves.  These  threads  are  of  great  strength,  and 
are  valiiable  for  fish  line^  ligatures,  etc 

THb  Gets  Bladder  of  /!iiM».---Since  the  substance  of  which  the  body  of  fishes 
is  composed  is  of  a  higher  specific  gravity  than  that  of  sea  water,  it  is  obviously  of 
advantage  to  them  to  possess  a  float,  containing  gas  which,  present  in  the 
appropriate  amount,  will  reduce  their  weight  to  that  of  an  equal  bulk  of  water, 
thus  removing  tiie  necessity  of  muscular  movement  in  order  to  keep  themselves  from 
sinking.  An  organ  of  this  kind  actually  exists  in  the  teleosts.  But  it  is  dear 
that  the  gas  will  he  compressed  as  the  fish  sink>«,  thus  becoming  t»f  a  greater 
specifie  ^lavity,  and  moi*e  must  be  produced  to  restore  proper  compensation. 
Coavcrsciy,  when  the  fish  rises  again,  the  gas  will  expand  and  displace  other 
tissues,  as  in  fact  happens  when  deep  sea  fish  are  brought  to  the  snr&ce  rapidly. 
In  acme  fish,  there  is  a  duct  to  the  exterior,  via  the  cesophagus,  which  can  be 
opened  to  allow  of  escape  of  gas ;  and  in  others,  where  the  duct  has  become  solid,  in 
\  special  region,  the  "oval,"  the  wall  of  the  ga'*  V>lHdder  has  the  jx)wer  of  absorbing 
the  gas.  Tiiis  oval  can  be  shut  off  from  communication  with  tiie  gas  bladder  when 
not  required.  At  first  sight,  it  might  seem  strange  that  the  gas  is  found  to  consist 
almost  entirely  of  oxygen,  but  if  it  has  to  be  secreted  and  abK>rbed,  the  advantages 
are  obvious.  Oxygen  can  easily  be  obtained  from  oxyhnmoglobtn  and  can  be  used  up 
either  by  combination  with  reduced  hsenioglubin  or  by  oxidation  of  some  reducing 
substance.  Woodland  (1911,  1  and  2)  has  made  an  interesting  investigation  of 
the  structure  and  physiology  of  the  gas  bladder,  and  the  reader  is  referred  to  his 
papers,  whidi  contain  also  a  list  of  other  papers.  A  remarkable  vascular  organ  is 
found  in  the  course  of  the  blood  vessels  supplying  the  gland  in  the  gas  bladder  which 
secretes  oxygen.  This  organ  is  what  is  called  a  rete  mirahih',  in  which  the  artery 
divides  into  a  numlier  of  fine  arterioles,  which  lie  closely,  side  by  side,  with  the 
corresponding  finely  divided  veins  carrying  blood  from  the  gas  gland.  These 
vessels  do  not  join  each  other,  but  auow  of  free  interehange  of  diffiisible 
oonstitoents  of  tiie  blood,  and  have,  obviously,  an  important  function  in  relation  to 
the  secretion  of  gas.  It  would  seem  that  some  chemical  substance  must  be 
produced  in  the  gland  cells,  which  is  not  desirable  in  the  general  rirculation.  As 
thi'^  substance  returns  in  the  veins,  it  difiuses  out  into  the  blooti  of  the  arterioles 
m  iho  rete  and  is,  for  the  most  part,  sent  back  to  the  gland.  It  is  probably 
something  which  enables  oxyhiemoglobin  to  give  up  its  oxygen  readily ;  that  there 
are  substances  of  this  kind  will  be  seen  in  Chapter  XXI.  It  is  not  a  hemolysin, 
since  there  is  no  evidence  c»f  the  presence  of  such  a  sul)stance,  nor  is  there  haemoglobin 
in  the  cells  of  the  gland  itself.  The  gas  must  therefore  be  given  off  by  the 
corpuscles  in  much  the  same  way  as  to  other  tissue  cells.  The  preparation.^  of 
Woodland  show  that  the  gas  gland  possesses  large  cells,  similar  in  appearance 
to  those  of  a  typical  secreting  gland,  and,  according  to  Bohr  (1804),  the  vagus 
nerve  siipplies  secretary  fibres,  since,  after  section  of  the  int<?stinal  branch  of  this 
nerve,  no  further  secretion  of  gas  take'^  place,  even  when  the  bladder  is  emptied  of 
ga-s,  a  procedure  always  resulting  normally  in  renewed  formation  of  oxygen. 

The  protcoosa,  Arcella,  forms  bubbles  of  gas  and  raises  itself  to  the  surface  of 
water  by  tins  means.   According  to  Bles  (1910),  these  bubbles  consist  of  oxygen. 

stimulus  to  secrete  the  oxygen  bubble  appears  to  be,  curiously  enough,  the 
want  of  oxygen  in  the  depths  of  the  pond  water  ;  the  animal  thus  floats  itself  to 
the  surface.    In  order  to  sink  again,  the  animal  must  absorb  the  oxygen,  since  it 
cannot  escape  to  the  air,  owing  to  the  shell  on  the  auiuial. 
ISA 
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jAOMtwui  Subttanc€8. — ^There  are  many  organirau  known  whidi  are  enable  ol 
eecreting  snbetanoes  whieh  give  off  light.    Veiy  little  Is  known  of  ibe  diemieal 

nfittire  of  the  reaction  concerned,  but  it  1^  evidently  an  oxidation  proces*!  of  sityme 
kind,  since  tlie  hmiinositv  disappeaj^s  in  the  absence  of  oxygen.  Acci»rdin;^  to 
the  work  of  llaphael  Dubois  (1913  and  literature  cited  therein),  there  are  two 
mtbstanceB  ooncemed,  neitiier  of  which  v  luminous  alone.  The  one  is  of  the  natue 
of  an  oxidisiiiL:  uzyme,  orperoxida.se,  the  nature  of  which  we  shall  have  todisevai 
in  Chapter  XX.  This  can  be  repliieed  by  solution  of  a  pcrmnngjinatc,  or  by  some 
other  oxidising  enzyme.  It  is  callwl  '*  lucift-ntse."  The  sul^tauce  oxidise^l  is 
called  "  luciferine  " ;  its  chemical  nature  is  unknown,  but  it  appears  to  liave  some 
of  the  propertieB  of  proteins.  A  remarkable  laet  about  the  light  produced  is  thai 
the  radiation  contains  only  a  very  small  percentage  of  the  longer  wave  Isngtlli^ 
known  as  heat  rays,  and  is  almost  entirely  composed  of  *'  light "  rays.  It  has 
hence  been  design:it«>')  "<<<1(1  light"  and  indicated  as  the  ideal  iUominaatb 
Further  detaib  will  be  louud  in  Chapter  XIX. 

The  mollu«iC,  Pholas  dactyht^^  which  bores  its  way  into  hard  mud  on  the  sea 
coast,  is  frequently  to  be  found  and  has  a  brightly  luminous  secretion. 

The  work  of  Moliscli  (1004)  on  luminous  bacteria  will  be  found  cf  much 
interest.  The  article  by  Mangold  (1910)  on  the  production  of  light  byotfuusms 
may  also  be  consulted. 

Electrical  Organs. — In  the  electrical  fish,  ^ialapterurus),  found  in  the  Nile  and 
known  to  the  andent  Egyptians,  the  electrical  organ  is  evidently  developed  fronl 
skin  glands.  We  have  seen  that  the  process  of  secretion  is  accompanied  by 
electrical  changes  nnd  it  is  curious  to  note  how  this  has  been  made  use  of  for  the 
purpose  of  defence  and  perhaps  of  benumbing  prey.  In  other  rloctrical  fisii,  the 
organ  seems  to  have  been  formed  from  muscular  tissue  and  will  be  referred  to  in 
Chapter  XXII. 

SUMMARY 

In  a  general  way,  all  living  cells  may  be  said  to  give  off  to  the  surrounding 
medium  products  of  the  chemical  reactions  taking  place  within  tlieu).  But  the 
name  of  secretion  ik  especially  given  to  those  cases  in  which  the  products  are  made 

use  of  for  }»urpose-s  of  importance  to  the  ori^ariisni  ius  a  whole. 

Under  the  name  are  also  included  processes  in  which  the  function  of  the  cells 
is  to  separate  from  the  blood  products  of  the  metabolism  of  the  organitun  as  a 
whole.  These  waste  products  would  be  deleterious  if  allowed  to  accumulate,  and 
there  are  arrangements  produced  in  order  to  rejeet  them  to  the  exterior  of  the 

organism.  This  process  is  sometimes  called  "excretion/*  and  is  the  particular 
function  of  the  kidney,  although  the  ef>ithelium  of  the  alimentary  canal  takee  part 

in  the  excretion  of  foreign  substances  under  certain  c«»ndition8. 

Secreting  organs,  or  glands,  may  either  di'^charge  their  products  by  means  of 
a  special  channel,  the  duct,  into  a  cavity  such  as  the  uliuientary  canal,  which 
cavity  is,  in  a  sense,  outside  the  organism  itself;  or  their  product*  may  dilibse 
into  the  blood  vessels  and  in  this  way  affect  distant  organs.  Glands  ol  this  latter 
kind  are  known  as  those  with  internal  secretion. 

The  products  of  glands  with  external  secretion,  such  as  the  pancreas,  are  given 
out,  for  the  mo^^t  part,  dissolved  in  water,  no  that  the  first  problem  is  the  way  in 
which  the  cells  produce  a  current  of  water  through  their  substance  in  order  to 
wash  out,  as  it  were,  the  chemical  compounds  which  they  have  formed. 

The  filtration  of  pure  water  from  a  solution  of  the  molar  concentration  of 
blood  is  impossible  by  pressures-  directly  available  in  living  orgamsma. '  I^ 
however,  the  liquid  to  be  filtered  off  consists  of  blood  minus  its  colloids  only,  the 

arterial  pressure  is  higher  than  the  osmotic  pressure  of  these  colloids  and  can  filter 
off  n  solution  of  this  kind.    The  process  actually  occurs  in  the  glomerulus  of 

the  kidney. 

Since  it  in  found  that  the  pressure  under  which  secretion  is  possible  is  liigher. 
in  some  cases,  than  that  of  the  arterial  blood,  osmotic  forces  are  indicated  a&  the 
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ftoarce  of  the  energy  required.  Certain  possibilities  are  indicated  in  the  text  as  to 
the  way  in  which  these  of^motic  forces  are  arailahlo.  But,  in  the  eiul,  the 
prodactiou  of  (^motically  active  material  must  be  ascribeil  to  what,  in  our  present 
ignorance,  we  call  *'  protoplasmic  "  activity,  by  means  of  which  the  chemical  energy 
drnved  from  oaddation  of  food  is  converted  into  the  yarions  other  forms  of 
eneigy  required. 

In  most  cases,  the  process  of  secretion  is  found  to  be  accompanied  by  the 
disappearance  of  certain  granules,  •*  zymogeo,"  from  the  cells  of  the  gland.  These 
grannies  appear  to  be  a  stage  in  the  formation  of  the  constituents  tA  the 

secrrt+'d  fluids. 

The  production  of  osmotically  active  substances,  together  with  changes  in  the  ✓ 
rmeability  of  the  cell  membrane,  appear  to  be  the  chief  factors  in  the  actual 
process  of  secretory  activity. 

The  first  stage  in  tiie  formation  of  urine  is  tlie  filtration  in  tlie  glomerulus  iA  ^ 
a  liquid  which  is  identical  with  blood-plasma  minus  its  colloids ;  so  that  the  rate 

of  secretion  under  a  given  pressure  is  inversely  proportional  to  the  osmotic 
prp<<!>ure  of  these  colloids  in  the  blood,  and  if  the  blood  pressure  is  lower  than  this 

osmotic  pressure,  no  filtration  takes  place. 

Tiie  work  loMt  in  secietion  is,  in  the  main,  of  two  kinds,  although  the  ultimate 
source  of  h(A\\  iieb  in  chemical  energy  utilised  io  cell  processes.  The  work 
done  in  producing  a  secretion  of  higher  osmotic  pressure  than  the  blood  can  be 
calculated  by  the  method  given  in  the  text.    That  done  in  the  various  chemical 

rractions  can  only  be  estimated  approximately  by  the  amount  of  oxygen  consumed. 
The  work  in  glomerular  filtration  ii»  not  derived  from  the  kidney  itself,  but  from 
the  contractions  of  the  heart  muscle. 

The  measurements  of  oxygen  consumption  give  some  indications  as  lo  tlie 
nature  of  the  cell  process.  The  increase  is  found  to  take  place,  not  only  during 
the  secretory  process,  but  for  some  time  afterwards.  This  obviouslj  means  that 
energy  from  some  reaction  is  being  stored  up  during  rest  and  in  a  form  available 

f<ir  the  next  period  of  activity.    There  does  not  appear  to  be  any  storage  of 
intramolecular  "  oxygen,  since  the  secretory  activity  is  greatly  dependent  on  the 
supply  of  oxygen  in  the  blood  at  the  time  of  secretion  itself. 

Glands  are  set  into  activity  either  by  means  of  chemical  substances  circulating 
in  the  Uood,  such  as  drugs  or  the  natural  "honnones"  such  as  secietini  or  1^ 
the  agency  <A  nerves  supplying  the  gland  cells.  This  statement  does  notr  exclude 
the  possibility  that  the  final  link  in  the  chain  of  excitation  processes  may  be  the 
same  chemical  substance  in  all  cases. 

Evidence,  taken  as  a  whole,  indicat-es  that  there  are  two  kinds  of  nerve  fibres 
to  glands  ;  one  kind,  the  '*  secretory  "  of  Heideuliain,  presides  over  the  secretion  of 
water,  together  with  diffusible  bubstances  present  in  blood,  and  must,  therefor^ 
affect  both  permeabilify  of  cell  membrane  and  the  osmotic  pressure  of  cell  contents. 
Hie  other  set,  "toophic"  of  Heidenhain,  are  concerned  with  the  production  the 
specific  ^jlid  constituents  and  have  little  or  nothing  to  do  with  the  phenomena 
connected  with  the  production  of  a  flow  of  water. 

The  combination  of  various  facts  indicates  that  during  rest  gland  cells 
form,  by  means  of  reactions  which  are  reversiljle,  certain  f,ubstances  which  are 
preliminary  stages  of  the  constituents  of  the  actual  secretion  formed  on  stimula- 
tiML  When  the  gland  is  excited  to  activity,  a  cucrrat  of  water  is  set  flowing 
through  the  cell  by  a  combination  of  increased  permeability  of  the  outer  end  <3 ' 
the  cell  with  the  splitting  up  of  some  cell  constituent  into  smaller  molecules  and 
thus  raising  the  osmotic  pre<;surp.  This  current  of  wnter  washes  into  the  duct 
various  substances  stored  in  the  cell,  .sometimes  after  these  hase  been  changed  by 
the  excitation  process,  before  being  given  olf.  As  tliese  substances  are  removea, 
farther  formation  takes  place  by  the  cell  reactions  in  order  to  re^tablii^ 
eqailibrium. 

The  results  of  experiments  on  artificial  perfusion  of  salivary  glands  show  that 


Digitized  by  Google 


364         PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


some  constituent  of  blood  b  necessary  for  the  production  of  secretory  activity  by 
stimolation  of  nerves.  In  the  case  of  the  pancreaa,  the  oombination  of  at  lea^ 
three  agents  is  necessary  for  secretion :  oxygen  (in  greater  amount  than  oaa  be 

dissolved  in  saline  solutions),  electrolyte  and  secretin.    Whether  any  other 

constituent  of  blood,  surh  as  protein,  is  necessary  is  uncertain.  It  is  obWon* 
that  prolonged  activity  is  only  poesible  when  materials  for  the  formation  the 

couatiLucjitH  are  supplied. 

The  electrical  changes  of  gland  cells  when  excited  are  of  two  kinds  with 
opposite  sign.  That  associated  with  the  secretuni  of  watw  baa  an  opposite 
direction  to  that  associated  with  the  formatioik  of  the  organie  solids  vliidi 
are  characteristic  of  the  secretion. 

The  kidney  re(}uirpf5  special  consideration.  The  glomerular  filtrate,  as  it 
passes  aloHL'  the  tubules,  suffers  concentration  owing  to  the  cells  of  the  tubnlos 
absorbing  tiorn  it  a  fluid  having  the  composition  and  concentration  of  the  normal 
optimal  llinger-Locke's  solution,  containing,  in  addition  to  glucose,  any  other  food 
material,  such  as  amino4kcid8,  present  in  llie  glomerular  filtoate.  In  other  words* 
they  liave  developed  the  capacity  of  refusing  admission  to  waste  products,  together 
with  toxic  substances  f  ireiijn  to  the  organism,  and  taking  up,  in  their  optimal 
concentration,  those  constituents  which  are  of  value,  although  unavoidably  present 
owing  to  their  non-colloidal  nature.  This  is  done  by  the  tubule  cells  under  all 
circumstances,  without  discrimination,  but  it  is  dear  that  the  result  must  be  to 
maintain  a  constant  eomposition  of  the  bloocl. 

Most  diuretic  subatanoes  act  by  diminishing  the  osmotic  concentration  of  the 
blood  colloids ;  some,  by  a  specific  action  of  some  kindj  periiaps  by  decreasing 
absorption  of  water,  etc.,  by  the  tubules. 

The  formation  of  certain  spcM  il  secretory  yiroducts  is  brieflv  discussed  in  the 
text.  These  are  acid  and  alkali,  sepia,  poisons,  hirudin,  silk,  oxygen,  lumiaoua 
substances,  and  electrical  charges. 
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CHATTEI^Xn 
DIGESTION 

Tn«  great  majority  of  the  materials  ta^^n  in  as  food  bv  animals  require  treat 
m;»  fit  of  some  kind  in  order  to  enable  them  to  be  carried  by  the  blood  or  other 
tiuids  to  tlie  various  organs  requiring  them. 

In  the  green  pbnt^  the  food*«to£b  do  not  require  ireatment  of  this  kind,  bnt^ 
BV&n  here,  stored  products  such  as  starch  and  protein  require  the  action  of  certain 
enzymcH  before  they  are  a^ani  available  lor  the  nee  ol  the  cells,  or  to  be  cohvejed 
to  distant  growing  parts. 

In  the  animal,  the  convenuon  of  food-stulis  into  diffusible  or  assimilable 
subetanoes  aa  known  as  digegiianf  and  is  canned  on  in  the  alimentaiT  canal,  chiefly 
1^  mesas  of  ensymee  secreted  into  the  cavity  by  the  various  glan(U  opening  into 
it  or  situated  in  its  walls.  In  the  digestion  of  certain  food-stofib,  eapedaUy  that 
of  cellulose  in  the  herbivora,  bacteria  play  an  important  part. 

To  describe  the  great  variety  of  digestive  mechanisms  mat  with  in  the  animal 
kingdom  would  take  far  more  space  than  is  permissible  here.  It  may  be  said  in 
general  that  the  object  of  these  mechanisms  is  to  ensure  the  effective  action  of  the 
digestive  enzymes,  and  the  due  absorption  by  the  hlood  or  lymph  of  the  products 
of  their  activity.  Details  of  these  mechaniHms  may  be  found  in  the  article  by 
Biedermann  (1911). 

IKTRAOELLULAB  DIGESTION 

In  the  uniodlular  oiganisms  the  whole  process  takes  phMie  within  the  one  ceU. 
The  food-stofib  are  taken  in,  a  vacuole  containing  liquid  is  formed  around  them, 
and  the  necessary  enzymes  secreted  into  this  vacuole.  Material  undigested  is 
€xtnH^e<?  through  any  part  of  the  cell.  Although  raw  starch  apppar«  difficult  of 
attack  by  protozoa,  the  fact  that  boiled  starch  is  hydrolvsed  shows  that  they 
possess  an  amylase.  They  also  store  glycogen,  a  fact  inmcating  the  reversible 
aetl<»i  of  an  amykae.  But^  in  any  case,  protein  appears  to  be  their  diief  food, 
obtained  in  the  main  from  bacteria  and  algse.  According  to  the  work  of 
Nieren-^tein  (1905),  the  renrtioTi  of  thf»  contents  of  the  food  vaonole  is  at  first  acid 
to  neutral  red,  and  subsequently  becometi  alkaline.  During  tiie  acid  periwi,  no 
digestion  takes  place,  but  the  reaction  seems  to  be  connected  with  the  killmg  of 
the  bacteria  taken  as  food.  The  actual  digestion  occurs  during  the  alkaline  stage. 
Mouton  (1902)  prepared  an  enzyme  from  a  large  number  of  amoebie,  and  found 
that  it  would  not  attack  living  bacteria,  but  dead  ones  rapidly,  i^o  that  the 
preliminary  killing  in  the  acid  stage  is  of  impoitance.  The  enzyme  acted  best  in 
a  medium  alkaline  to  litmus,  but  acid  to  phenolphthalein,  that  is,  faintly  alkaline ; 
it  produced  tyrosine  and  is,  accordingly,  to  he  considered  as  a  trypsin. 

Pkatfoc^tons. — We  find  the  process  of  intraoellnhir  digestion,  similar  to  that  of 
the  ainceba  described  above,  still  present  in  the  amoeboid  cells  of  the  higher 
multicellular  organisms.  The  leucocytes  of  vertebrates  require  special  attention. 
In  these,  Metschnikoff  has  shown  that  the  taking  up  of  living  bacteria  plays  an 
important  part  in  the  defence  against  infection  by  micro-organisms.  He  <»lled  the 
process  ''phagocytosis."  It  is  not  confined  to  certain  leucocytes  of  the  blood,  hut 
is  maiiifestod  by  large  cells;  found  in  the  peritoneal  cavity  and  elsewhere.  The 
reader  may  consult  the  lx>ok  by  ^fetschnikoflf  (1901)  for  further  detail'!  The 
process  of  phagocytosis  has  been  referred  to  previously  (page  3)  and  Ledmgham's 
work  mentioned.    According  to  this  observer,  the  bacteria  in  tiie  blood  are  not 
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taken  up  by  pseudopodial  processes  of  the  phagocytes,  since  in  the  circulating  blood 
current  they  are  5?pherical  cells;  when  a  bacterium  cdrne.s  into  contact  with  a 
phagocyte,  it  is  engulfed,  killed,  and  digested.  It  will  be  clear  that  any  miiueuoe 
-whidi  makes  adhesion  moce  oertain  on  diance  contact  will  incroaoe  the  nnmber  of 
bacteria  taken  up,  aa  will  also,  as  Ledingham  points  out,  any  agglntination  of  the 
bacteria  into  clumps,  since  a  large  number  will  be  taken  up  at  a  chance  encoanter 
instead  of  a  single  one.  There  does  not  seem  to  be  any  necessity  for  the  assumption 
of  such  ill-defined  chemical  substances  as  "  opsonins,"  which  have  been  supposed  to 
make  the  bacteria  attractive  or  *<  tast^"  to  the  phagocytes. 

The  process  of  phagocytosis  is  also  met  with  in  the  absorption  of  larval  orgAti% 
such  as  the  tail  of  the  tadpole.  It  plays  a  [jart  in  the  formation  of  b^ne  ;  and 
certain  eelk  in  the  liver,  Kupffer's  "  star  cells,"  are  phagocytes.  In  the  ex*r:i- 
ordiuary  "disruption  "  of  internal  organ%that  takes  place  in  the  metamorpho«iis  ut 
the  fly,  wherein  nearly  the  whole  of  these  organs  become  broken  up  preparatory  to 
the  formation  of  the  new  organs  of  the  adult,  phagocytes  play  a  considerable  pnrtv 

Digestion  in  the  Sea  An4mone.—>Tlm  procera  here  deserves  a  little  oQinaideimtiioik» 
since  it  forms  a  kind  of  transition  to  that  of  the  higher  multicellular  aniniHl^; 
Although  there  is  what  seems  like  a  gastric  cavity,  no  one  has  yet  succeeded  m 
showing  the  presence  therein  of  any  secretion  with  digestive  properties.  Nevertiie- 
less,  animals  of  considerable  sise  are  actually  digested  by  the  anemone  and  in 
fact  by  a  somewhat  remarkable  process.  There  are  long  filaments  in  great 
number  attached  to  the  septa  in  this  gastric  cavity  and  the.se  wind  themselvp* 
all  over  the  hixly  of  the  animal  taken  in  and  into  all  depressions  and  cavities  in  i:. 
This  tliey  do  by  a  kind  of  pseudopodial  movement,  probably  conditioned  by 
snifaee  tension,  like  that  d  the  Amoiba.  Where  the  edls  covering  the  fflamuita 
are  in  contact  with  food  material,  they  secrete  digestive  enzymes  limited  to  the 
area  of  contact.  These  enzymes  cause  the  tissues  attacked  Uy  break  up  and 
the  fragiiu-nt'^  are  then  taken  in  by  the  cells  and  dealt  wi«^h  further  by  the 
ordinary  process  of  intracellular  digestion.  It  Hppe^ir.s  that  the  enzymes  can 
diffuse  for  a  short  dit»tanoe,  c»iiice  food  wrapped  up  in  filter  paper  is  digested, 
provided  that  the  paper  is  moistened  with  meat  extract  The  presence  of  some 
chemical  stimulant  in  the  meat  causes  the  secretion  of  ensymes  in  the  cells  of  the 
mesenterial  filaments  at  the  places  where  they  come  into  contact  with  it. 

GENERAL  PLAN  IN  THE  HIGHER  ANIMALS 

The  alimentary  canal  may  be  said  to  consist  of  a  long  tube,  with  dilatations  in 
places.  Tn  this  tul>e  the  food  is  snbjf^rteti  U)  the  action  of  a  series  r.f  enzymfts. 
The  (lilate<l  sections  are  capable  of  being  shut  off  from  the  neighb<junng  sections 
by  means  of  ringii  of  muscle,  the  sphincters,  so  that  the  food  shall  not  be  passed  on 
to  the  next  section  prematurely.  As  a  rule,  arrangements  exist  by  which  the 
secretion  of  the  dig^tive  juice  in  a  particular  section  is  brought  about  by  the 
presence  of  food  in  the  preceding  section,  so  that  no  delay  in  the  process  occurs. 
The  food  is  kept  in  movement  by  muscular  contractions  of  the  walls  of  the  caimi 
and  passed  on  by  similar  movements.  These  movements  are  partly  proWded  for 
by  nerve  centres  in  the  wall  of  the  canal  itself,  but  are  under  the  control  of  the 
centeal  nervous  ^st«n.  As  r^ards  the  sphincters»  it  is  usual  to  find  that  they 
close  by  a  nervous  reflex  when  a  ceL'tsin  amount  of  material  has  been  passed 
through  to  the  next  section. 

Each  of  these  fa<  tors  requues  a  little  more  detail.  In  tli©  following 
description  the  state  of  affairs  as  fully  developed  in  the  case  of  one  of  the  higher 
vertebrates,  man  or  the  dog,  is  taken  as  typical ;  in  lower  animals,  wtebrate  and 
invertebrate,  various  simplifications  are  to  be  found,  as  well  as  special  additions 
for  particular  purposes. 

MOVEMENTS 

If  the  small  intestine  is  cut  out  of  an  animal  such  as  the  rabbit,  cat,  or  dog, 
and  immersed  in  warm,  oxygenated  Ringer's  solution,  or  better,  in  Binger-Tyrode's 
solution,  it  is  seen  to  exhibit  a  series  of  rhythmic  contractions,  which  travel  as 
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wares  along  the  muscular  coats.  But  another  kind  of  moTement  can  be  produced 
by  mechanical  stimulation,  such  as  that  which  the  presence  of  food  would  afford. 
Tlie  nature  of  this  movement  was  demonstrated  by  Bayliss  and  Starling  (1899)  in 
the  intestine  in  situ,  but  separated  from  any  connection  with  the  central  nervous 
system.  It  can  also  be  obtained  in  the  excised  gut,  under  favourable  conditions, 
and  most  readily  in  the  colon  of  the  rfibbit.  A  gentle  pinch  at  any  spot  causes 
a  cessation  of  the  rhythmic  contractions  in  the  region  just  below  the  place  excited, 
together  with  a  diminution  of  the  state  of  moderate  tonic  contraction  in  which 
the  intestinal  muscle  normally  exist«,  upon  which  the  rhythmic  contractions  are 
superposed.  The  word,  "  below,"  of  course,  refers  to  the  normal  direction  of  the 
movement  of  the  contents  of  the  intestine,  and  would  perhaps  better  bo  called, 
•'in  front  of."  Coincidently  with  this  relaxation  in  front  of  the  point  excited, 
there  is  an  increased  tonic  contraction,  with  greater  vigour  of  rhythmic  move- 
ments, above,  or  behind  the  place  excited  ;  these  facts  are  illustrated  by  Fig.  95. 
To  this  phenomenon,  which  is  common  to  the  alimentary  canal  from  the  lower 
part  of  the  oesophagus  to  the  rectum,  in  a  more  or  less  well-marked  manner,  we 
gave  the  name  of  "The  Law  of  the  Intestine."    It  is  clear  that  it  is  what  would 


Fir..  95.    The  Law  of  the  Intestine. — Contractionn  of  the  jejunum 

traced  by  a  balloon  in  the  lumen. 

At  1,  pinched  gently  about  an  inch  above  the  Itolloon.    Immediate  inhibition  of  rhythmic 
contractions  l)«low,  with  relaxation  o(  tone. 

At  2,  while  otill  quiescent,  a  tfentle  pinch  about  half  an  inch  below  the  bftlloon.    After  some 

six  seconds  sudden  recovery  of  tone,  vtith  series  of  strong  rhythmic  contractions. 
At  3,  similar  pinch  during  normal  contractions.   Greatly  increased  strength  of  contmctioni. 

(Baylii^s  and  Starling,  1899,  Fig.  10.) 

happen  if  the  intestine  were  distended  at  any  spot  by  the  presence  of  food,  and 
that  it  would  result  in  the  moving  on  of  the  contents.  In  fact,  a  lump  of  cotton 
wool  smeared  with  soft  soap  and  inserted  into  the  front  end  of  a  loop  of  rabbit's 
intestine  /the  colon  works  be.st),  immersed  in  warm  saline,  is  gradually  pa.ssed 
on  and  escapes  at  the  lower  or  posterior  end. 

Cannon  (1912)  suggests  that  a  better  name  for  the  reaction  in  question  would 
be  the  "myenteric  reflex,"  and  tiie  name  has  the  advantage  of  being  applicable  to 
the  whole  alimentary  canal.  On  the  other  hand,  Gaskell  (1916,  pp.  78  and  121) 
has  suggested  how  it  may  be  brought  about  without  the  assumption  of  reflex 
capabilities  of  a  peripheral  nervous  .system,  which  are  unknown  elsewhere  in  the 
vertebrate.  Auerbach's  plexus  has  been  shown  to  be  necessary  for  the  manifesta- 
tion of  the  phenomenon.  But  this  plexus  consists  of  the  cell  stations  of  the 
vagus  nerves  only.  In  certain  invertebrates,  there  are  neurones  of  which  the 
axons  branch  into  two  fibres,  one,  owing  to  the  manner  of  its  termination,  causing 
contraction  of  a  muscle  fibre,  the  other  causing  inhibition  of  another  muscle.  If 
then  the  vagus  neurones  of  Auerbach's  plexus  send  an  excitatory  fibre  backwards 
and  an  inhibitory  one  forwards,  the  stimulus  to  the  cells  by  the  distension  of  f<x>d 
would  produce  contraction  behind  and  inhibition  in  front  of  the  mass.  Dogiel 
(1889),  in  fact,  has  shown  that  each  neurone  of  Auerbach's  plexus  has  two  axons 
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which  have  diflbi«nt  destinations  (see  Garrey  and  Moorai  1915).  The  neeliaii. 
ism  will  be  better  understood  after  Chapter  XIII.  has  been  nad.   The  part 

plaje<l  by  Meissner's  ploxujj  is  unknown. 

It  seems  clear,  however,  that  some  further  regulation  of  tlio  passage  of  fcxxl 
is  required  to  prevent  ittt  being  Imrried  along  too  rapidly  ;  even  u  means  of 
sending  it  backwards  and  forwards.  The  qjuscalar  oontmctions  causing  movement 
onwards  are  generally  known  as  "  peristalsis"  and  those  in  the  opposite  direetioOy 
**  antijK'ristalsis,"  but  Cannon  (1912)  suggests,  as  a  better  terminology,  the  name 
"  diaiitalbis "  for  the  forward  moving  wave,  controlled  by  the  myenteric  retlex 
and  preceded  by  inhibition ;  and  "ana-  and  cata-stalsLs  '  for  the  rhythmic  waves  of 
upward  or  downward  movement,  which  are  present  independently  of  the  mjeateric 
reflex  and  not  preceded  by  a  wave  of  inhibition.  These  movements  take  place 
when  the  myenteric  reflex  ib  put  out  of  action,  as  it  can  be  by  the  inflaenoe  of 
tiie  central  nervous  system,  as  we  shall  now  see. 

There  are  two  great  nerves  which  control  nearly  the  whole  of  the  aiunentary 
canal ;  the  vagus,  which  is  the  ancestral  motor  nerve  for  the  whole  of  the  gut, 
except  the  two  extreme  ends;  even  In  the  higher  mammals  it  oantinaea  to  act 
as  motor  nerve  as  far  as  the  large  intestine,  remarkable  as  it  mav  seem  that  a 
cranial  nerve  slionld  have  so  posterior  a  dintribution.  Gaskell,  in  fact  (1908,  pp. 
440-454),  draws  interesting  conclusions  as  to  the  origin  of  vertebrates  from  the 
innervation  of  the  alimentary  canal. 

Eduanl  Weber  (1H4<))  in  his  classical  article  in  which  he  descrihes  the  disoorery  of  th« 
inhibitory  actiun  of  the  vagus  nerve  un  the  heart,  also  (p.  49)  describes  a  remarkable  effect 
of  the  Bame  nerve  in  the  Tench,  where  it  prodoocs  a  qiiiok  oontnetioa  of  the  tntsstiasl 
rnude,  "  like  skeletal  muaole." 

The  seocSid  great  nerve  supply  is  inmk  the  sympathetic  system  and  contained 

in  the  splanchnic  nerves.  This  is  inhibitory.  In  Fig.  96  a  tracing  is  given  which 
shows  how  the  rhythmic  contractions  are  stopped  and  the  tonus  abolished  when 
this  nerve  is  excited.  It  is,  as  a  rule,  impossible  to  obtain  the  myenteric  reflex 
unless  the  splanchnic  nerves  are  cut,  owing  to  the  inhibitory  control  they  have 
over  its  manifestation. 

A  curious  fact  in  connection  with  the  vagus  is  that  Its  motor  eflbet  on  the 
small  intestine  is  preceded  by  an  inhibitorv  one,  and  that  the  motor  effect  is  not 
shown  until  after  the  nerve  has  been  subjected  to  a  series  of  periods  of 
stiumlation  (see  Fig.  97).  Gaskell's  view  of  the  nature  of  the  "law  of  the 
intestine"  makes  both  the  inhibitory  and  excitatory  components  fnnctions  of 
the  vagas. 

The  more  posterior  part  of  the  large  intestine  has  its  motOT  noTve  sttpply  from 
the  pelvic  visceral,  or  autonomic,  nerves. 

The  best  means  of  investigating  the  normal  movements  of  the  aUmcntary 
canal  in  d^ticm  is  that  introdoced  by  Gannon  (1897  and  1902).  The  animal, 
or  man,  is  given  bismuth  subnitrate,  an  insoluble,  inert  powder,  mixed  with  the 
food  ;  by  this  means  the  contents  of  the  alimentary  canal  are  made  opaque  to  the 
Bontgen  rays  and  their  shadows  can  be  watchp<i  on  the  fluorescent  screen.  It 
has  been  made  out  that  the  food,  having  arrived  into  a  particular  section,  ;>ay  the 
stomach,  is  imprisoned  therein  for  a  time  by  closure  of  the  sphinctera  During 
this  imprisonment  it  is  thorooghly  churned,  backwards  and  forwards,  ontil  the 
enzymes  have  had  time  for  their  work,  and  the  products  of  their  activity,  if 
aliM  1  l)cd  in  tliis  part,  have  been  taken  into  the  bloo<l  and  lymph.  The  process 
of  churning,  whose  mechanism  can  be  observed  Ixst  in  the  small  intestine,  does 
not  consist  in  a  true  antiperistalsis,  preceded  by  a  wave  of  inhibition,  but  by 
a  series  of  local  contractions  dividing  the  contents  into  separate  msimon  at  diflemnt 
places  in  turn  and  thus  pushing  them  upwards  and  downwuds. 

It  has  been  shown  by  Serdjukov  (see  Pavlov,  1901,  p.  187)  that  the  pyloric 
sphincter  of  the  stomach  opens  at  int-^rvals  to  allow  a  portion  of  the  contents 
to  escape  into  the  duodenum;  as  soon  as  acid  is  present  therein,  the  pylorus 
closes  by  a  nervous  reflex,  so  that  only  a  small  amount  of  food  is  allowed  to 
enter  the  duodennm  at  <me  time. 
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The  churning  movements  are  not  observed  in  excised  intestine,  and  they  may 
possibly  be  in  some  way  controlled  by  the  central  nervous  system  (see  the  author's 
Introduction  to  General  Physiology,"  p.  80,  and  Cannon's  monograph,  1911). 


FlO.  96.      EfTKCT  on  tub  lynCSTTNE  of  SXIMTTLATIOy  OF  THE  8PLAXCHK10 

KUiVES. — Cessation  of  contractions  and  relaxation  uf  tone. 

(Bayliss  and  StarUng,  1899,  Fig.  16.) 

An  interesting  point  with  reference  to  the  ileo-colic  sphincter  is  described  hy 
Elliott  (1904).    The  splanchnic  nerve,  on  stimulation,  causes  its  muscular  cells  to 
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Fio.  97.  Effict  on  thk  intestine  of  stimulation  of  the  vagus  nerve. — 
Ninth  period  of  stimulation.  Slight  preliminary  inhibition,  folUtwed 
by  powerful  contractions,  beyond  the  limit  of  the  recording  instrument. 

(Bayliss  and  Starling,  1899,  Fig.  25.) 

contract  instead  of  inhibiting  their  tone,  as  it  does  in  the  neighbouring  parts  of 
the  small  and  large  intestines.  Adrenaline  has  the  same  effect.  The  significance 
of  this  fact  in  regard  to  the  origin  of  the  alimentary  canal  will  be  found  ix> 
Oaakell's  book  (1908,  p.  449). 
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A  fact  which  indicates  the  dependence  on  the  central  nervous  system  of  those  co-ordiMted 
movements  of  the  iiitestineR  whicli  are  not  included  in  the  myenteric  reflex  is  deswriheil  by 
Gottfried  Boehm  (1912).  Cannon  had  shown  that  the  food,  after  passing  into  the  colon.  11 
kept  there  for  a  time  and  churned  backwards  and  forwards  in  order  to  ensure  absorption  o< 


Fio.  93.    Portrait  and  sioxatcre  of  Ivan  Petrovich  Pavlov. 

water  and  any  products  of  digestion  still  left.  Rjehm  found  that  excitation  of  the  v»gM 
nerve  increasetl  the  \igour  of  the  l»ackward  movements. 

THE  SECRETION  OF  THE  DIGESTIVE  JUICES 

The  food,  as  it  pas.ses  along  the  alimentary  canal,  is  subjected  to  the  action  of 
a  series  of  fluids  containing  enzymes,  whose  action  will  be  described  in  the 
following  section  of  this  chapter. 
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The  modes  in  which  the  secretion  of  these  juices  is  set  going  have  been  worked 
out  almost  entirely  by  Pavlov  and  his  co-workers  and  will  be  found  described  in 
his  book  (1901).    When  references  are  given  to  this  in  the  following  pages,  it  is 


to  be  understood  that  they  apply  to  the  English  edition.  A  portrait  of  Pavlov 
will  be  found  in  Fig.  98. 

It  will  be  noticed  that  that  method  of  investigation  which  consists  in  the  estab- 
lishment of  openings,  or  fistulcp,  in  various  parts  of  the  alimentary  canal  plays  a 
large  part  in  work  on  the  digestive  processes.  It  is  interesting  to  note  that,  so  far 
as  we  know,  Ren^  de  Graaf  (1677)  was  the  first  to  make  use  of  this  method.  In 
Fig.  99  his  portrait  is  reproduced.     There  are  several  points  of  interest  in  the 
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title  page  to  his  book  (Fig.  100).   These  will  be  found  in  the  deecriptioD  :  what 

oonoenis  us  here  is  the  dog  in  the  foreground  with  salivary  and  pancnetic  nstulie. 
wi.rk  of  Spallansani  on  digestion  should  also  be  mentioned  (see  Foster,  1901, 

pp.  213-216). 

For  the  various  operative  procedures  re<juired,  the  articles  by  Pavlov  (ld02) 
end  by  London  (1910)  may  be  consulted. 

«Sa^t«a.— 'This  is  the  first  fluid  met  with  and  it  is  produced  even  before  tlie 
food  enters  the  mouth.  This  "psychical  secretion  "  is  caused  by  reflexes  thn^ugh 
sic^ht,  smell,  and  so  on ;  the  mouth  waters."  The  taste  of  the  food  in  the  mouth 
causes  renewed  secretion. 

Tkt  Gaatrie  Juice. — When  the  food  enters  the  stomach,  it  finds  that  gastric 
juioe  has  already  been  secreted.  This  first  secretion  is  fnychicsl  and  depends 
greatly  on  the  appetite  with  which  the  eating  of  food  is  approached.  It  is 
prfKluco*^)  before  food  actually  enters  the  mouth  and,  in  fact,  the  mere  presence  of 
foo<l  in  the  mouth,  without  appetite,  does  not  excite  secretion.  \S  hen,  thfrefore, 
Macbeth  wishes  for  his  guests  tliat  "good  digehtion  "  may  "wait  on  appetite," 
he  is  merely  expressing  a  physiological  &ct. 

If  solid  food  is  introduced  directly  into  the  stomach  through  an  opening,  a 
gastric  fistula,  unknown  to  the  dog  under  experiment,  no  secretion  ia  produced  fctr 
an  hour  or  more.  Mechanical  stimulation  of  the  mucous  membrane  of  the 
stomach  is  also  ineffective. 

The  efferent  nerve  through  which  the  gUmds  of  the  stomach  an  excited  is 
the  vagus. 

Certain  chemical  substances  introduced  into  the  stomach  produce  a  secretion. 
According  to  Edkins,  a«  mentioned  alr^^adr,  a  hormone,  analogous  to  the  pan- 
creatic secretin,  is  produced  from  the  mucous  membrane  of  the  pyloric  portion 
and  carried  in  the  blood  to  excite  the  glands  of  the  fundus.  The  experiments  of 
Eavlov  in  connection  with  the  chendoal  mechanism  were  performed  mainly  osi 
dogs  provided  with  a  miniature  stomach,  separated  from  tiie  main  one  by  an 
in«,'pniono  op^mtion,  which  is  a  greatly  improved  form  of  a  similar  one  done  by 
Heidenbttia  (see  p.  13  of  Pavlov's  Inxik).  This  miniature  stomach  found 
to  serve  as  a  sample  or  indicator  of  all  that  proceeded  in  the  maiu  stomach. 

It  was  found  thet  meat  juioe  or  loebig's  extract  caused  secretion;  but  no  resalt 
was  obtained  from  raw  egg-white,  nor  from  starch  nor  fat.  That  the  meduuiiflni 
is  a  chemical  one  and  not  nervous  is  shown  by  the  fact  that  Liehiy's  extract  and 
similar  substances  are  effective  after  the  va^us  nerves  have  Wen  «hvi<iod 

The  Fatficreas, — The  mode  of  excitation  of  the  pancrea^i  was  described  in  the 
previous  chapter.  We  see  that  the  acid  ^tric  contents,  when  they  arrive  in 
the  duodenum,  give  rise  to  the  production  of  secretin,  which  excites  tiie  pancreaa. 
Whether  the  va£juR  takc<?  any  part  in  the  normal  process  we  have  seen  tn  be 
doubtful.  If  it  does  so,  there  is  a  possibility  of  "psychical  "  secretion  from 
appetite,  in  addition  to  the  effect  of  escape  of  the  acid  "psychical  "  gastric  juicse 
passing  into  the  duodennm. 

The  Bile  is  anothw  important  secretion  poured  into  the  intestine.  Its  function 
will  be  discusseti  presently.  We  have  seen  that  the  same  acid  extract  of  duodenum 
which  excites  the  piincre.is  also  causes  the  secretion  of  hile.  so  that  the  acid 
contents  of  the  stomach  when  they  arrive  in  the  duodenum  cause  also  a  t^'retion 
of  bile.  We  have  no  evidence  of  a  nervous  control  over  the  liver,  with  the 
exception  of  vasoconstrictor  nerves  te  the  tmnches  of  the  portal  vein.  For  tbe 
general  conditions  d  tbe  secretory  mechanism,  see  Okada  (1915). 

SiirriiM  Ei^f^rirna  appears  to  be  excited,  in  any  particular  part  of  the  intestine, 
by  the  presence  of  pancreatic  juice  in  the  parts  preceding  this  one. 

THE  GHANQE8  IK  THE  FOOD  . 

We  may  now  proceed  to  describe  the  changes  which  the  food  nndeigoee  in  tbe 
several  parts  of  the  alimentary  canal. 

Since  most  food  is  taken  in  the  form  of  more  or  less  solid  masses,  a  means  of 
disiiUegratiny  it  is  clearly  of  advantage  for  the  ready  access  of  enzymes.  Most 
animals  possess  some  means  of  doing  this.   Masticating  apparatus,  such  as  teeth 
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and  strong  jaws,  are  common.  In  those  oirds  wini  h  eat  hard  grains  there  is  a 
powerful  mu»cular  organ,  the  gizzard,  whose  cavity  contains  biuall  stones  swallowed 
by  the  bird  and  aeting  as  mill-stones  grinding  the  food  before  it  is  passed  on  to 
the  stomach  for  digest!  >ti 

Tn  aniumls  which  chow  the  cud,  Huviinniif.f,  the  grass,  etc.,  after  it  has  l>een 
roughly  chewed  in  itR  first  gathering,  pa.sses  into  a  large  receptacle,  where  it 
undei^oes  a  tjottening  pnxress  by  the  action  of  bacteria.  It  is  then  brouglit  back 
into  the  mouth  again,  bit  by  bit,  and  thoroughly  masticated  before  being  again 
swallowed  and  paned  into  the  digestive  stomach. 

In  some  animals,  as  the  crayfish,  there  is  a  masticating  apparatus  in  the 
stomach,  which  is  followpd  by  a  kind  of  filter,  so  that  food  is  not  allowed  to  pass 
into  the  intestine,  into  wliich  the  chief  digestive  gland  opens,  until  it  has  been 
adequately  subdivided. 

The  main  purpose  served  by  the  mdiva  appears  ahM>  to  be  a  meohanioal  one, 
since  in  many  animals  it  contains  no  enzymes.  It  enables  dry  food  to  be  readily 
in.nsticatod  and  '^^vfdlowed.  In  animals  taking  food  containing'  t.-^rxh,  wc  find  that 
tiie  saliva  contains  an  amylase,  sometimes  called  ''jitvalin,"  winch  convert.s  starch 
into  maltose  and,  under  favourable  conditions,  by  turtiier  hydrolysis  to  glucose. 
We  have  alreadv  seen  how  carbohydrate  food,  by  some  chemical  mechanism,  canses 
an  increase  in  the  amylase  content  of  the  saliva  in  man  (Loratt  Evans). 

Having  commenced  with  carbohydrate,  we  will  follow  its  progress  further,  and 
afterwauls  that  of  protoin.s  anrl  fats. 

Although  ptyalin  is  a  powerful  enzyme,  it  has  too  little  time  to  do  much  work 
while  the  mod  remains  in  the  month.  It  is  inactive  in  so  strongly  acid  a  solution 
as  the  gastric  juiee^  b^t  it  has  been  shown  by  drtitznor  (1900)  that  the  food  in  the 
stomach  does  not  at  once  come  into  contact  with  the  acid  secretion,  especially  tiiat 
food  which  is  latfst  "^wfdlowod,  which  lie.s  for  Roino  fi'mo  in  the  middle  and  i.s  pro- 
tected by  that  tirst  swallowed.  So  that,  if  the  fojd  Ixi  mixed  with  blue  litmus,  the 
centre  of  the  mass  in  the  stomach  remains  blue  for  some  time  and  ainyioclastic 
action  can  proceed.  In  any  case,  starch  that  escapes  tiie  action  of  ptyajin  meets 
with  the  pancreatic  juice  in  the  intestine,  and  the  amylase  contained  therein  e&cts 
complete  hydroly 

As  regards*other  carbohydrates,  cane-sugar,  maltose,  and  lactose  are  hydrolysed 
by  appropriate  enzymes  formed  by  the  glandular  epithelium  of  the  small  intestine. 

The  manner  oi  dealing  with  eeUtUote  is  of  some  interest.  An  ensjrme  whidi 
acts  on  cellulose  is  found  in  seeds~~barley,  for  example— and  has  also  been  observed 
in  the  alimentary  canal  of  the  mealworm  and  in  the  secretion  of  the  "  liver  "  of 
the  snail  (Bi^dprmann,  19J!,  p.  980),  which  forms  hexoses  and  pento^^es  from 
various  celluloses.  It  attacks  also  manuanes,  galactanes,  etc.,  the  so-called 
**  reserve "  or  stoiage  celluloses.  But  in  the  higher  animals  the  assistance  of 
bacteria^  chiefly  in  the  larg^  intestine,  is  required.  In  the  ruminants,  bacterial 
actioa  sJso  takes  place  in  the  paunch,  before  the  second  chewing  process.  The 
large  o?wiira  present  in  those  animals  whicli  take  c«'11nl'>se  in  quantities,  such  as 
the  rabbit,  horse,  or  sheep,  will  be  i"emembered  anfl  the  mechanism  of  tlie  digestion 
of  cellulose  mu^t  be  effective,  since  it  is  said  that  sheep  will  get  fat  oii  blotting 
paper.  Kow  the  difficulty  is  that  bacteria  carry  the  process  of  destruction  too 
far,  producing  hydrogeOt  metibane^  carbon  dioxide,  and  lower  fatty  acids. 
Pring.sheim  (1912),  howe^■c^,  !ias  sucrooded  in  showing  that  a  l)i  hexose,  together 
with  the  proluct  of  its  further  hydrolysis,  glucose,  is  formed  a,s  an  intermediate 
product.  These  sugars  were  obtained  by  stopping  the  fermentation  at  its  height 
by  the  addition  A  toluene.  It  is  uncertain  whether  the  antiseptic  acts  by 
destroying  the  particular  organisms  responsible  for  the  production  of  hydrogen, 
methane,  etc.,  or  whether  it  sets  free  the  cellulose-hydrolysing  enzyme  from  an 
intracellular  condition.  Tt  may  possibly  merely  put  a  sudden  stop  to  all  further 
change,  so  that  a  certain  amount  of  intermediate  products  are,  as  it  were, 
caught  on  the  way.  In  any  case,  tiie  cello-biose "  and  glucose  were  isolated 
from  cultures  with  filter  paper  of  de*nitrifying,  methane-producing,  or  better, 
thermoi^ile  bacteria.  The  sugars  had  been  produced  from  the  paper.  It  is 
interesting  that  oeilo-biose  is  also  hydrolysed  1^  emulsin.    There  seems  to  be 
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TK>  (1f»i}^t  tliat  tlie  glucose  is,  in  jjreat  part,  absorbed  from  the  alimeditary  caoal 
before  the  bacteria  are  able  to  complete  its  destruction.  J 

Absorption  oj  Sugars. — It  is  a  remarkable  fact  that  no  absorption  of  digestive 
prodocts  takes  place  in  the  stomach.  The  chief  ab8oq>tioii  is  done  in  the  mall 
intestine. 

Digestion  and  Absorption  of  Proteins, — Tlie  saliva  contains  no  enzyme  which 
acts  on  proteins.  But  in  the  stomach  they  nro  icted  upon  by  a  powerful 
hydrolysing  enzyme,  pepsin,  which  acts  only  in  acid  solution.  HyJrocliloric  acid 
is  secreted  by  glands  in  the  wall  of  the  stomach,  and  is  of  very  wide  distribution, 
being  found  even  in  the  selachian  fishes.  It  appears  tliat»  'uniwr  usual  eonditionst 
pepsin  does  not  carry  the  hydrolysis  beyond  tlie  stage  of  the  higher  polypeptides, 
known  as  peptones.  These  are  not  absorbed,  but  pa.ssed  on  to  tlie  duodenum  to  be 
acted  on  further.  The  acid  of  the  htoina cb  has  al.so  a  funcHon  as  an  antiseptic; 
not  a  very  powerful  one,  however,  since  we  know  that  certain  bacteria,  for  example  ; 
the  Bulgarian  lactic  acid  bacillus,  can  be  introduced  into  the  intestine  by  wav  of 
the  mouth.  Aisid,  in  any  case,  is  a  very  unfavourable  medium  for  the  growth  of 
1b#cteria^  and  hydrochloric  acid  in  the  concentration  of  thai  in  the  stomach  kills  a 
large  number.  We  saw  that  the  first  stage  in  the  fate  of  bacteria  in  the  food 
vacuoles  of  ama'lja,  or  phagocytes,  takes  place  in  an  acid  reaction ;  but  no  digestive 
process  commences  until  the  reaction  changes  to  an  alkaline  one.  The  acid 
reaction  is  associated  with  the  killing  of  the  organisms  taken  as  food. 

As  the  acid  contents  of  the  stomach  are  allowed  to  pass  in  small  portions  at  a 
time  into  the  duodenum,  pancreatic  juice  is  poured  out  oy  the  mechanism  already  ; 
described  (page  344),  and  further  hydrolysis  of  the  peptones  formed  in  the 
•   stomach,  together  with  that  of  any  unattackcd  protein,  is  brojight  about  by  trjrpsin. 
in  an  alkaline  solution.    This  alkalinity  is  not  so  great  as  was  thought  at  one  time, 
and  as  that  of  the  pancreatic  juice  as  it  leaves  tiie  duct  might  lead  one  to  suppose.  | 
There  is  considerable  neutralisation  by  the  add  of  the  stomach  contents  when  they  i 
mix  with  the  pancreatic  juice.    In  fact,  according  to  Michaelis  and  Davidsohn 
(1911),  the  optimal  hydrogen  ion  concentration  for  trypnn  is  10~*  normal,  whidi  : 
is  only  just  faintly  alkaline  to  phenolphthalein. 

We  have  already  seen  that  the  pancreatic  juice  doea  not  contain  active  trypstin, 
but  only  its  zymogen,  and  tKat  it  is  necessary  for  it  to  be  acted  u^km  by  another  ' 
enzyme,  enterokinasc^  produced  by  the  cells  of  the  small  intestine,  for  conversion 
into  active  enzyme.    As  shown  by  Mellanby  and  Wool  ley  (1912),  this  process  of 
activation  has  a  remarkable  time  course.    It  starts  slowly  and  becomes  more  and 
more  rapid  as  it  procc^eds.    Whether  it  has  the  typical  S-shape  of  the  curve  of  ] 
autocataiysis  is  dithcult  to  make  out,  but  it  continues  to  accelerate  in  rate  until  | 
the  teaction  is  practically  complete.   No  satisfactory  explanation  has  yet  been  j 
given  of  this  phenomenon.    According  to  Vernon  (191SX     ^       ^  the  prodoc-  j 
tion  of  an  unstable  substance,  which  itself  acts  as  an  activator,  but  is  rapidly  ■ 
destroyed.    Ordinarv  trvp^''>  i"  fftct,  does  not  activate  trvpsinogen. 

It  is  evidt  iit  that  some  kind  of  autocatalysis  takes  place  in  the  activation  of  ! 
tr3rpsin.    It  may  be  that  some  product  is  formed  by  the  action  of  enterokinase,  \ 
which  product  has  the  property  of  increasing  the  activity  of  the  enteroktoase. 
Vernon  {SuH^emieai  JourruU,  8,  p.  528)  holds  that  the  trypsin,  as  it  is  set  free,  | 
acts  upon  some  precursor  with  the  formation  of  another  em^me^  ''deutens^" 
which  itself  activates  trypsinogen,  independentiy  of  enterokinase. 

"Bf»mni(l  ( IS.")*),  p.  .113)  rrfii  s  to  the  fat.  t  that  pancreatic  juice  is  muih  more  active  when  mixed 
with  ihe  cuntonta  of  the  tiuoUetiuiii.    In  fact,  it  does  not  appear  that  Ito  had  found  it,  a* 
secreted,  to  act  on  proteiiis  to  aay  perceptible  exteotb     Bia  attention  was  thus  directed  i 
chiefly  to  it«  action  on  fntf>  and  on  starch.    The  facts  serve  to  sliow  Ilemard's  ei^eriiiMotal  j 
skill,  since  it  is  evidrnt  that  he  had  obtaiiu-d  j)urc  juice  without  contamination.  ] 

Trypsin  hydrolyses  proteins  to  amino-acids.  There  are,  however,  as  seeini* 
probable,  some  of  the  simpler  di-  or  tri  peptides  which  aie  not  attacked  very 
rapidly  by  it.  These  are  hydrolysed  by  the  erepsin  of  the  saccus  entericos,  sn 
enzyme  which  does  not  act  on  i^roteins  themselves,  or  rather  only  on  caaeintigeD 

and  filirin,  and  on  these  only  slowly,  but  converts  peptones  and  other  polypcjitirlfs 
into  their  component  amino-acids.     It  was  discovered  by  Cohnheim  (ldO(i)> 
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Luiition  (ID^tG,  etc.),  using  the  Pavl<.iv  method  of  fistuljf  in  various  parts  of  the 
alimentary  canal,  has  found  that  prutc'iii»  are  practically  entirely  converted  into 
■BiiuMMids  and  absorbed  as  socb  in  the  small  intestine.  One  of  these,  arginine^ 
soQiijiigated  di-amino-acid,  as  we  have  seen,  is  further  hydrolysed  by  an  ensym^ 
arginase,  into  urea  and  (li-amino-Talerianic  acid.  This  enqrme  was  discovered 
by£o8sel  and  Dakin  (19U4). 

Dufesfion  o/  Fata. — A  Upa;*©  has  been  de^rilx'cl  by  some  as  present  in  the 
atomach,  but  itn  function  is  negligible  compared  with  tliat  of  the  pancreatic  juice. 
Tbssetion  of  this  latter  is  assist^  by  the  bile^  which  promotes  fine  emnlsification, 
owing  to  its  power  of  reducing  surface  tension,  and  as  we  liave  seen,  it  aIso  has 
a  direct  effect  on  the  activity  of  the  enzyme.  The  bile  also  acts  as  a  solvent  for 
the  free  fatty  acids,  especially  important  in  the  <M*>e  of  the  higher  oiif^s,  such  as 
stearic,  etc.  By  this  means,  fats  are  hydrolysed  lutu  tlieir  constituent  tatty  acids 
and  glycerol. 

Abtorpium  of  Fai$, — ^These  fatty  acids  and  glycerol  are  taken  up  by  the  cells 
cowing  the  villi,  and,  in  their  interior,  are  synthesised  into  neutral  fats  again, 
prohahly  In-  the  rever5?o  action  of  lipase  (Harosik,  1914).  In  the  form  of  fine 
dmplets,  the  neutral  fats  are  passed  into  the  central  lymphatic  space  of  the  villus, 
and  thence  in  the  stream  of  lymph  into  the  lacteals  and  thoracic  duct  and  so  into 
the  blood  stream.  In  the  blood  they  can  be  observed  by  ultra-microscopic  methods 
of  iUnminatioa  as  the  "Uood  dust,"  with  its  vigorous  6ro%nian  movement.  It  is 
difficult  to  see  precisely  why  fats  should  be  hydrolysed  only  to  be  resynthesiied  in 
the  villi,  but  it  must  clearly  be  for  the  purpose  of  facility  of  absorption. 

Absorption  of  Water  atid  Salt^. — Water  can  be  absorbed  by  tlie  intestinal 
mucous  membrane  to  practically  any  extent.  The  regulation  ot  the  water  content 
ni  the  organism  is  carried  out  by  the  kidneys.  No  water  is  absorbed  from  tiie 
stomach,  most  in  the  small  intestine  and  a  certain  amount  in  the  large  intestine. 

If  it  were  pure  water  that  is  to  be  absorbed,  the  osmotic  pressure  of  the 
constituents  of  the  blood-plasma  would  suffice  to  explain  the  fact ;  but  it  actually 
happens  that  isotonic  saline  solutions  can  be  absorbed.  Even  hypertonic  solutions 
are  ultimately  absorbed  after  a  preliminary  dilution  by  pure  osmotic  action. 
Hm  musl^  therefws^  be  some  aefcive  intervention  on  the  part  ol  the  absorbing 
epitheiial  cells,  by  which  eneigy  is  consumed.  This  process  is  thus  a  kind  of 
inverse  of  that  Involved  in  secretion.  It  is  perhaps  most  strikingly  shown  by  the 
fact  that  the  animaTs  own  scrum  can  be  absorVuMl.  At  the  same  time,  physical 
factors  have  conaideruble  effect  on  the  rate  <'f  al)sor{)tion  and  a  discussion  of  the 
part  played  by  these  factors  will  be  found  in  the  article  by  Starling  (1909,  2). 

SUMMARY 

In  animals,  food  re4uircs  treatment,  mechanical  and  cliemical,  before  it  can  be 
•liSQclied.  Digestion  mechanisms  ensure  this,  and  also  provide  for  efficient 
sbsorption  of  th»  products. 

In  unicellular  organisms,  the  solid  food  particles,  mostly  living^  algaa  or 
Incteria^  are  attacked  inside  the  cell.  They  are  first  killed  in  aoid  medium,  then 
digested  by  enzymes  in  alkaline  medium. 

Similar  statements  apply  to  the  phagocytes  of  the  higher,  multicellular 
animals.  There  is  no  evidence  of  prehensile,  pseudopodinl  attack ;  chance 
Contact  with  bact<rria  leadb  to  adhesion  and  enguiting  by  the  action  of  surface 
inivts.  "Opsonins,"  as  specific  chemical  entities,  in  all  probabili^  have  no 
enstenee. 

The  general  plan  of  the  digestive  system  in  the  higher  animals  is  a  long  tube 
vith  dilatations  in  places  and  arrangements  for  enclosing  food,  temporarily,  in 
viiious  sections,  in  order  to  enable  the  enzymes,  which  are  secreted  into  these 

•actions,  to  act  for  a  sufficiently  long  time. 

Two  kinds  of  movements  arc  required.  One  to  i>ass  the  foot!  alonij  the  gut, 
the  otlier  to  send  it  backwards  aiul  forwards  in  a  particular  section.  The  former 
w  provided  for  by  a  nervous  mechanism  in  the  wall  of  the  alimentary  Canal  itself. 
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This  is  responsible  for  the  myenteric  reflex,  or  ''Uw  of  the  intestine^"  which 

consists  in  the  prodaction  of  a  rt>!axati(jii,  with  inhibition  of  movements,  below 
the  spot  at  wliicli  a  mass  of  food  is  found,  and  an  increase  of  tone,  toic^ether  with 
more  powerful  contractions  above  the  spot,  thus  moving  onwards  the  contents 
of  the  intestine  at  this  spot  This  effect  can  bo  prevented  by  a  set  of  n^e 
fibres,  in  tiie  splanchnic  nerves,  arising  from  the  central  nerrovis  system.  Anodier 
set  of  fibres,  in  the  vtufgoA  nerve,  produces  increased  movements.  In  this  wayr 
all  kinds  of  movements  are  provided  for. 

The  normal  movements  can  be  best  investigated  by  the  aid  of  the  Itontgen 
rays. 

The  secretion  of  the  various  digestive  juices  is  excited  in  two  ways — chemical^ 
In'  tb»'  presence  of  a  •.iilmtHTu-*'  in  the  blo<Ml  which  has  bt^ni  produced  bv  the  action 
of  something  containtni  in  liu-  tocxi  mass,  when  it  arrives  in  a  particular  section  of 
the  alimentary*  cuntil ;  or  ner%ous,  by  rellexes  excited  by  the  i»iglit,  smell,  or  taste 
of  food.  The  relative  part  played  by  theae  two  mechanisms  changes  from  the 
moutii  to  the  large  intestine  in  such  a  way  that  the  glands  nearer  the  head  ars 
more  under  control  of  nervous  reflexes.  It  is  doubtful  whether  secretory  nerves 
play  any  importartt  part,  in  normal  conditions,  in  the  cases  of  the  pancreas,  liver, 
and  small  intestine. 

The  food  is  first  disintegrated  mechanically,  sometimes  with  the  aiii  of  Ijacteria. 

Carbohydrates  are  then  converted  into  their  constituent  hexo^e'^  or  pontnse> 
by  a  series  of  enzymes,  contained  in  saliva,  pancreatic  juice,  and  ijuccus  entericus. 
Cellulose  is  usually  converted  into  glucose  by  the  action  of  bacteria  in  the  large 
intestine  and  is  probably  absorbed  in  this  stage  before  the  bacteria  have  converted 
much  of  it  into  more  degraded  products,  such  as  hydrogen  or  marsh  gas.  Tn  a  fevr 
animals,  an  enzyme  capable  of  hydrolysing  cellulose  has  been  found  in  the 
secretion  of  digestive  glands. 

Sugars  are  chiefly  absorbed  in  the  small  intestine;  when  arising  from  celluloee^ 

in  the  large  intestine. 

Proteins  aie  converted  first  into  proteoses  and  peptonejs  (lu'jlier  pxilvpeptides) 
by  the  pepsin  of  the  gastric  juice,  and  these  into  amino-acids  anrl  some  di-peptides 
by  the  tr}'psin  of  the  pancreatic  juice,  and  finally  completely  into  amino-acids  by 
the  erqpain  of  the  suocus  entericus. 

Froteins*i»re  not  absorbed  in  the  stomach,  but  their  absorption  is  practically 
complete  by  the  end  of  the  small  intestine* 

Eats  are  hydrolysed  in  the  small  intestine  by  the  pancreatic  juice  and  absorbed 

as  glycerol  and  fatty  acids,  the  latter  for  the  most  part  in  solution  in  bilsi    Tn  the 

epithelium  of  the  villi  they  are  resynthesised  to  neutral  fats,  which  pass  into  the 
lymph  of  the  lacteal  system  and  thence  to  the  blix»d  in  a  finely  emulsified  state. 

Water  and  salts  are  absorbed  by  the  mucous  jnefobrane  of  the  intestine. 
Active  intervention  on  the  part  of  cell  inechanisuis  niu^t  be  postulated  to  accou&t 
for  the  absorption  of  solutions  isotonic  with  the  blood. 
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CHAFTEK  XIII 
EXCITATION  AND  INHIBITION 

Wmn  •  prooesB  of  any  kind  takes  place  oontmaously  of  itself  without  interventioii 
from  vitboaty  it  is  clear  that,  for  purposes  of  clue  regulation  in  the  liying  organism, 

there  must  be  means  of  modifying  it  in  both  directions;  there  must  be  some 
power  of  cithfT  increasing  it  or  decreasing  it  nccoitiing  to  necessity.  Cases  of 
phpiological  processes  of  this  kind  are  the  muscular  coat  of  the  small  arteries  and 
other  places  where  we  find  that  kind  of  muscular  tissue  known  as  smooth,  pale, 
or  inyolantaij  mi2scl&  This,  in  its  usual  state,  which  may  be  regarded  as 
"resting,"  since  it  is  the  ccndition  taken  on  when  unaffected  by  nervous  impulseSi 
is  in  a  state  of  partial  contraction  or  "tone."  This  tone  is  capable  of  being 
increased  bv  certain  nerves  supplying  the  tissue  and  diminished  by  another  set  of 
oervea.  In  the  preceding  chapter  we  saw  how  the  automatic  movements  of  the 
intestine  can  be  stopped  by  the  splanchnic  nerve  and  increased  by  the  vagus. 
For  our  pr^mit  purpose  it  is  immaterial  whether  these  movements  are  dne  to 
periodic  discharges  of  nerve  cells  in  Auerbach's  plexus,  or  inherent  in  the  muscle 
cells  themselves,  although  the  work  of  Gunn  and  Underbill  (1914)  shows  that  the 
latter  is  tlie  correct  statement.  In  either  case,  the  responsible  cells  can  be 
either  i-estrained  or  excited.  Such  double  effects  play  a  fundamental  part  in  the 
mflchanism  of  nerve  centres,  as  we  shall  see  later.  Perhaps  the  most  sticking 
instsiMse  that  can  he  given  is  that  of  the  heart.  As  is  widl  known,  this  organ 
oontuiues  its  regular  series  of  beats  even  when  cut  out  of  an  animal ;  but,  in  its 
natural  state,  it  can  be  stopped  by  the  vagus  nerve  or  excited  to  increased  rate 
and  force  by  the  "  accelerator  "  nerves  from  the  .sympathetic  system. 

This  capacity  of  being  affected  in  two  opposite  directions  is  not  confined  to 
living  matter.  Consider  a^ain  our  M  example  of  an  ester  system  in  equilibrium. 
As  we  have  seen,  if  we  add  more  water,  there  is  increased  hydrolysis ;  if  we  remove 
water,  there  is  increased  synthesis,  or  diminished  hydrolysis,  of  ester.  The  effect 
of  a  catalyst  should  also  b(»  kept  in  mind,  as  consisting  merely  in  the  acceleration 
of  the  attainment  of  equililirium,  by  addition  or  subtraction  of  water;  that  is, 
it  increases  both  hydrolysis  and  synthesis  ;  which  of  these  effects  will  be  the  more 
obvious  one  depends  on  circumstances.  But  a^ain,  the  accelerating  action  of  a 
catalyst  can  be  itself  increased  or  diminished.  Pepsin  hydrolyses  proteins  at  the 
greatest  rate  in  the  presence  ctf  a  certain  definite  concentration  of  hydrogen  ions  ; 
frrppose  that  this  concentration  is  somewhat  less  than  the  optimal  one,  it  is  plain 
that  we  can  increase  the  rate  of  hydrolysis  by  adding  more  acid  or  diminish  it  by 
adding  alkali. 

The  duality  of  phenomena  illustrated  in  the  last  example  reminds  us  further  of 
the  oppositioii  in  general  chemical  properties  between  hydrogen  and  hydroxy!  ions. 
Ihe  existence  of  positive  and  negative  electricity  may  also  be  mentioned,  although 
perhaps  the  f!nal  word  has  not  been  said  on  this  (juestion. 

In  diiscussing  the  phenomena  of  metabolism,  we  saw  how  two  y^roct'sses  nnijht 
be  distinguished,  the  building  up  of  a  complex  system  or  substance  of  high 
potential  energy,  "anabolism,"  and  the  breaking  down  of  such  a  system,  "cata- 
Dolism,"  giving  off  energy  in  other  foims.  Such  a  case  we  saw  in  the  secretion  of 
the  salivary  glands  and  shall  meet  with  again  in  muscular  contraction.  The 
teiidenrv  of  much  recent  woik,  however,  is  to  throw  doubt  on  the  universality  of 
this  opposition  of  anabolism  and  catabolism  as  explanatory  of  physiological  activity 

sn 
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in  genera],  nincu  it  appears  tiiat  many  protoplasmic  prtx'esses  may  be  cotupared 
rather  to  the  utilisation  of  Ittd  in  a  petrol  motor,  where  the  f  ael  does  not  beoaae 
built  np  into  a  chemical  complex  with  the  mechanism,  but  gives  up  ita  energy  by 

means  of  the  mecliauism.  The  mechanism  acts  upon  it  from  without,  in  a  certain 
sense.    Further  discussion  of  this  question  will  Ijc  necessary  later. 

The  uauie  '*  excitation  "  is  usually  given  to  the  increasing  or  setting  into  actiua 
of  a  prooesji,  and  that  of  "inhibition''  to  the  opposite  phenomenon  of  stopping  a 
process  or  decreasing  its  activity. 

In  the  strict  sense,  all  living  protoplasm  is  "excitable,"  that  is,  it  is  capaUs 
of  being  affected  by  cxtornal  forces,  as  wns  clearly  pointed  out  by  John  Brom 
(1788,  p.  3  of  1795  (  utiou)  and,  in  more  detjiil.  by  Claude  Bernard  (1879,  1, 
p.  242),  who  defines  •  iiiitabilite,"  which  iji  e4uivaleut  to  the  name  "excitability" 
as  used  above,  as  la  propri^t^  que  possede  tout  element  anatomiquo  (c'est  4  due 
le  protoplasma  qui  entre  dans  sa  constittttion)  d'etre  mis  en  activity  et  de  r^sgir 
d'une  certaine  manii-re  sous  I'inlluence  des  excitants  exterieurs." 

Neverthelesa,  it  is  usually  the  custom  to  apply  the  name  especially  to  such 
tissues  as  respond  to  stimuli  by  a  rapid  change  of  some  kfaid  and  more  particularly 
to  nmrre  and  musde. 

THE  PROCESS  OF  EXCITATION  IK  NERVE 

As  animai.s  in  the  course  of  evolution  increased  in  size  and  complexity,  means 
of  eommunieation  between  different  parts  became  more  and  more  neoesssry. 

To  a  certain  extent,  such  intereoininunication  is  efiected  in  a  chemical  vay, 
through  the  blood,  or  similar  tluid.  But  this  is  not  sufficiently  rapid  for  many 
pu?7v»s«.M,  tlie  faet  of  contact  of  a  solid  object  must  he  comeyed  to  the  muscle*;  of 
locomotion,  so  that  the  organism  may  react  rapidly  enough  to  avoid  it.  Hein« 
we  find  the  presence  of  nerves  at  a  very  early  stage  of  evolution  of  multiceUolar 
animals.  Even  in  Ccelentorates,  the  complexity  of  the  nervous  channels  » 
eonsiderable.  The  effect  of  suuie thing  happening  at  one  end  of  such  a  Uiread  is 
conveyed  with  great  rapidity  to  the  other  end  of  the  nerve,  wherever  it  may  b^. 
Our  study  of  the  phenomena  of  excitation  will  hepn  with  that  of  the  nerve  fibre. 
In  some  ways,  it  is  the  simplest  case  ;  in  otliers,  more  ditiicult.  Nerve  fibres  have 
no  other  function  than  that  of  conveying  excttationsy  When  left  alone,  they  are, 
as  far  as  we  know,  in  complete  rest,  so  that  their  activity  does  not  require 
inhibitory  influences  to  quell  their  state  of  excitation.  When  set  into  activity 
by  soruc  intluence,  called  a  ".stimulus,"  the  disturbance  set  up  dlsappesfs 
spontaneously  after  a  certain  very  short  time,  if  the  stimulus  ceases  to  act. 

If  we  take  what  is  known  as  a  **  nerve-muscle  preparation,"  that  is,  the 
gastrommitts  muside  of  the  frag,  witAi  the  nervi^  the  sciatic,  supplying  it,  tre  find 
that  if  we  lightly  pinch  the  end  of  the  nerve  distant  from  thr  muscle,  the  latter 
enters  itito  eontraetion,  ami,  an  it  seemH,  simultaneously  with  the  stimulus.  Nothing 
to  be  seen  has  happened  m  the  m^rve.  yet  something  must  have  passed  along  it 
from  the  point  at  which  it  was  pinched,  otherwise  the  muscle  would  have 
unawure  of  anything  having  taken  place  at  the  oth«r  end  of  the  nerve.  It  is 
usual  to  speak  of  a  "propagated  disturbance"  passing  along  the  nerve,  or 
sometimes  a  nerve  impulse.''  But  how  are  we  to  detect  It  and  investigate  it  in 
the  nerv«*  itnielf,  apart  from  the  indicating  muwle? 

The  most  careful  investigation  with  the  most  sensitive  apparatus  has  only  been 
abb  to  detect  with  certainty  one  kind  of  change  accompanying  the  passage  of  the 
**  propagated  distorbance,"  namely,  an  electrical  elfect. 

Tlie  production  of  heat  in  any  quantity  that  would  have  any  significance  at 
all  is  rjctinitf»Iy  excluded  by  the  experiments  of  A.  V.  Hill  (\\)\'2).  By  the  use 
of  a  method  by  which  changei»  in  temperature  of  six-millionths  of  a  degree  could 
be  detected,  do  effect  was  obtained  by  twenty-five  seconds  continuous  stimulatioii. 
This  result  means  that  a  single  propagated  disturbance  does  not  result  in 
the  production  of  more  than  Tx  lO"'^  C.,  that  is,  a  hundred-millionth  of  a 
de^^ree.  Hill  calculates  that  heat  of  this  amount  would  be  afforded  by  the 
consumption  of  1  molecule  of  oxygen  by  a  volume  of  nerve  of  3*7  /n  cubic  measoie, 
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a  volume  easily  visible  under  the  microscope  and,  if  filled  with  oxygen  at 
atmospheric  pressure,  would  contain  3  x  10^  molecules,  since  1  c.c.  contains 
4'5  X  10^*.  This  result  makes  it  impossible  to  suppose  tffat  any  chemical  process 
resulting  in  an  irreversible  loss  of  energy,  such  as  an  oxidation,  can  be  involved, 
and  indicates  that  a  reversible  physico-chemical  one  of  some  kind  is  to  be  looked 
for.  Moreover,  we  must  examine  with  care  statements  that  have  been  made  as 
to  the  production  of  carbon  dioxide  by  nerve  in  activity. 

Waller  (1896)  noticed  that  the  action  of  small  amounts  of  carbon  dioxide  on  nerve  was  to 
increase  the  extent  of  the  electrical  changes  and  that  tetanisation  had  the  same  effect.  The 
natural  conclusion  v^-aa  that  carlx»n  dioxide  was  produced  by  the  nerve  in  its  own  activity. 
Ta«hiro  (1913,  1)  brings  direct  evidence.  A  very  delicate  method  was  used  for  the  estimation 
of  carbon  dioxide  (191. 2),  dependent  on  the  formation  of  a  film  of  barium  carbonate  on  the 
surface  of  a  drop  of  barium  hydroxide  solution.  The  quantities  found  M-ere,  of  course,  very 
snmll.  and  the  possibility  that  they  were  merely  di9.Molved  in  the  tinaue  is  not  satisfactorily 
excluded.  Small  amounts  were  given  off  very  slowly  by  the  resting  nerve.  The  extra  pro- 
duction on  electrical  excitation  would  easily  bo  accounted  for  by  the  heat  resulting  from  the 
passage  of  the  current.  A  nerve  trunk  consists  not  only  of  ner%'o  fibres,  but  of  connective 
tissue  in  which  are  living  cells,  whicli  contain  carbon  dioxide  from  their  own  respiration,  and 
this  would  l>e  partly  given  off  in  consequence  of  the  heat  produced  by  the  exciting  current 
itself.  There  was  a  regular  falling  off  in  the  output  of  carlxjn  dioxide  by  resting  nerve, 
even  during  the  time  in  which  there  is  every  reason  to  suppose  that  the  excitability 
«aa  undiminished.  Killing  by  steam  abolished  the 
power  of  giving  off  carlK»n  dioxide,  both  resting 
and  on  excitation  ;  but  this  does  not  show  that  it 

was   a   vital  phenomenon,    since  carbon  dioxide 

dissolved  in  the  tissues  would  naturally  bo  driven 

off  before  the  observation.     The  numerical  data 

given  throw  doubt  on  the  origin  of  carbon  dioxide 

from  the  metabolism  of  the  nerve  itself,  since  it 

would  be  higher  than  that  of  an  ef(ual  weight  of 

muscle.    In  the  monograph  by  Tashiro  (1917),  he  i 

does  not  satisfactorily  answer  the  objections.  The 

only  additional  evidence  brought  (p.  40)  is  that 

the  carbon  dioxide  given  off  is  not  proportional  f^j.  jqi.  Diphasic  ctrkent  or  a<tion 
to  the  length  of  the  nerve  traverse<i  by  the  stimu-  olkactorv  nkrvk  of  pikk,  as 

lating  current  but  t^  that  through  which  the  nerve        shown  by  the  capiixary  electro- 
impulse  passes.     Unfortunately,   no  experimental  meter. 
data  are  given  and  no  leference  to  wnere  they 

have  been  published.  The  fact  that  less  carbon  Stimulation  with  single  break  Induction  shock 
dioxide  is  given  off  in  hydrogen  is  not  convincing  °'  sijfnal. 

without  the  information  as  to  how  long  the  nerve  Time  in  o«J5  •econd.  Garten  ^ 

had  previously  been  exposed  to  the  current  of  gas.  '* 
One  of  the  new  results,  nainelj*,  that  ganglion  cells 

do  not  give  off  any  more  carbon  dioxide  than  nerve  fibres  do.  tends  rather  to  confirm  my  doubt. 
Rigga  (ldl9)  supports  Tashiro,  A.  R.  Moore  (1919)  fails  to  do  so. 

We  are  thus  limited  to  the  electrical  change.  Fortunately,  this  can  be 
mea.sured  with  accuracy  and  its  time  course  determined.  For  the  present,  we 
ivill  omit  discussion  as  to  its  cause,  and  limit  ourselves  to  the  fact  that  a  spot 
in  a  state  of  excitation  behaves  as  if  electrically  negative  to  a  spot  on  the  nerve 
at  rest ;  that  is,  if  the  two  points  are  connected  to  a  galvanometer,  a  current 
flows  through  the  instrument  from  the  resting  to  the  excited  spot,  as  if  the  former 
corresponded  to  the  copper  of  a  Daniell  battery  and  the  latter  to  the  zinc.  We 
find  that  the  electrical  change  set  up  at  one  point  by  a  momentary  stimulus  lasts 
only  for  a  short  time  at  this  point  and  passes  along  the  nerve,  making  each  point 
in  turn  electro-negative  to  the  rest.  Suppose  that  two  electrodes  lie  on  the  nerve 
at  different  points  and  that  a  stimulus  is  applied  near  the  one  electrode  ;  the 
electrical  response  will  consist  of  a  current  in  one  direction  as  this  electrode 
becomes  negative  to  the  more  distant  one,  followed  by  a  current  in  the  opposite 
direction  as  the  wave,  having  left  the  first  electrode,  arrives  at  the  second, 
making  it  negative  to  the  other.  '  If  we  call  the  electrodes  A  and  B,  we  have, 
first,  A  negative,  B  positive,  then  A  positive,  B  negative.  This  form  of 
electrical  response  is  called  "diphasic"  (see  Fig.  101).  If  electrode  B 
is  on  a  spot  which  has  been  killed,  the  wave  of  negativity,  as  it  is  com- 
monly called,  disappears  in  the  kille<l  area,  so  that  the  only  electrical  effect 
seen  is  that  due  to  the  becoming  negative  of  spot  A  and  consists,  therefore, 
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of  only  the  first  half,  aa  it  were,  ol  the  diphasic  response;  it  is^  in  fset^ 

**  monophasic." 

We  know,  then,  thai  a  propagated  disturbance  can  be  set  up  in  a  nerve  fibre 
and  we  have  next  to  inquire  how  such  a  "  nerve  impulse  "  is  excited  for  experi- 
mental purposes.  The  agents  which  do  this  are  known  as  **  stimuli "  and,  for 
practical  purposes,  electricity  is  the  most  useful,  sino^  its  strength  can  be 
nccnratoly  and  conveniently  ^'t-achiated  and  measured.  In  the  application  of  a  single 
stimulus,  consisting  of  a  definite  cjuantity  of  electrical  energy,  we  must  remember 
that  energy  is  made  up  of  two  factors,  quantity  and  intensity,  so  that  we  caa  ' 
make  up  the  same  amount  of  electrical  energy  by  varying  the  two  inverMly. 
Now  it  was  found  by  Waller  (1899)  that  tiiis  is  not  a  matter  of  indiflbrenee. 
There  is  a  certain  definite  ratio,  different  for  different  excitable  structures,  and 
fh'fferent  criflitions,  such  as  temperature,  at  which  a  smaller  quantity  of  energy 
will  excite  than  at  another  ratio,  in  which  either  the  quantity  or  the  jM>tential  is 
higher  or  lower.  This  is  called  by  Waller  the  "  characteristic "  number.  How  ' 
is  it  to  be  explained  f  InTestigations  of  this  kind  can  be  best  made  by  the  use 
of  condenser  discharges.  When  two  metallic  plates,  separated  by  a  non-conductor, 
are  charged  to  a  diffearant  potential  by  connection  to  a  source  of  electricity,  the 
quantity  required  to  produce  a  given  potential  difference  V)etween  them  depeivl^ 
on  their  size,  distance  apart  and  the  dielectric  constant  of  the  nif^dium  betwt^u  I 
them,  as  we  saw  on  page  180.  This  is  known  as  the  '*  capacity  "  of  the  condenser. 
By  taking  condensers  of  diflbient  capacities  and  diarging  them  to  different 
potentials,  we  can  obtain  all  the  varieties  required.  The  energy  in  ergs  cf  the 
dischai'^e  of  a  condenser  is  given  by  the  formula,  1/2  C,  where  U  is  the  | 
potential  .difference  between  the  plates  in  voUs  Hnil  C  the  capacity  in 
microfarads.  The  expression,  it  will  be  noted,  is  analogous  to  the  oi*dinaiy 
one  for  kinetic  energy. 

When  a  certain  quantity  of  electricitv  is  discharged  through  a  high  resistance,  < 
such  as  a  nerve,  there  is  a  perceptible  difference  in  the  time  taken  for  the 
discbarge,  according  to  the  potential  at  which  it  commences.   The  fcmnuls  ' 
exprsssing  this  fact  is : —  i 

E,-Ii,xs^R.  or  <-HClog,(|^). 

when  there  is  no  considerable  seli-mduction  in  the  circuit.  | 
is  the  potential  differanoe  between  the  plates  before  commencement  of 
discharge. 

E]  is  that  after  the  lapse  of  time,  ^,  during  which  the  condenser  hss  : 
discharged  through  the  resistiinGe,  R.  ' 
C3  is  the  capacity, 
and  e,  the  base  of  natural  logarithms. 
From  this  formula  it  wiU  be  seen  that^  other  things  being  constaDt»  the  time  taken 
for  discharge  u  proportional  to  K  or  to  O. 

In  the  paper  by  Hermann  (19C*6,  }>.  554),  a  series  of  curves  will  be  found,  showing  Uw 
different  steepnera  of  the  curves  ut  discharge  of  condensers  of  diffisreDt  capacity. 

The  reader  may  be  reminded  that  the  capillary  electrometer,  used  so  frequently 
in  the  investigation  of  the  electrical  changes  of  tissues,  behaves  as  a  cunden^str 
in  its  time  curves  of  charge  and  discharge.  In  the  detenuiuution  of  the  constants 
in  these  cases,  as  in  general,  where  the  process  starts  rapidly  and  beocnnes  slower 
and  ^ower  as  the  final  state  is  approached  (Newton's  "law  of  cooling/'  see  above, 
page  167),  it  is  customary  to  make  use  of  the  time  taken  for  half  the  process  to  bo 
completed,  since  the  curve  is  changing  its  shape  most  rapidly  at  this  period. 
Towards  tlie  end,  measnrements  ai*e  difficult  and  inaccurate  on  account  of  the 
slow  change.  In  the  ciu>e  of  a  condenser  charged  to  a  potential  of  1  volt-,  the 
character  of  the  discharge  is  given  by  the  time  taken  to  foil  to  half  s 
volt.  In  the  excitation  of  nerve,  in  fact,  the  steep  and  only  active  part 
of  the  dischar^^e  is  well  over  before  this  time;  slowly  dianging  currents  have  no 
exciting  effect,  a<^'  will  be  s^-en  later. 

It  appears  from  Wallers  e.xperiments,  that  there  is  a  particular  steepness 
of  curve  which  pixxluces  its  effect  with  least  expenditure  of  energy,  and  it  soems 
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justihable  to  connect  this  fact  with  the  rate  of  niovfjrsent  of  some  constituent 
of  the  nerre  system,  somewhat  as  a  pus^h  oi  a  given  strength,  applied  to  a 
resting  heavy  pendulum,  will  hftve  a  greater  effeet  il  the  fate  at  whieb  its  energy 
is  imputed  to  the  pendulum  ooincides  with  the  vibration  period  of  the  latter. 

In  the  pFaotioal  use  of  the  condenser,  it  is  important  to  tenieml)er  that  the 
insulation  is  never  perfect,  so  that  if  any  delay  occurs  between  the  charge  and 
thf  subsequent  discharge  through  nerve,  the  most  eHective  part  of  the  discbarge, 
namely  the  steep^t  fall  of  potential,  wiii  have  been  lost.  For  this  reason,  the 
best  arnuigeniAnt  of  the  cirouit  is  that  given  in  Fig.  102,  ascribed  by  Hermann 
(1906^  p.  540)  to  Radakovid.  The  oondenser  c  is  connected  to  a  source  of 
adjustable  potential  through  the  nerve  x.  When  the  key  K  is  closed,  a  choaMi 
fraction  of  the  potential  differenro  of  the  battery  n  is  sent  into  the  condenser 
through  the  nei-ve.  As  long  as  the  key  remains  closed,  the  full  charge  of  the 
condenser  is  kept  up  to  the  potential  required,  but  the  moment  that  the  key 
is  opened,  discharge  takes  fdace  through  the  nerve  and  the  part  of  the  slide 
wire  between  A  and  v.  If 
either  the  charge  or  the 
discharge  is  not  intended 
to  pass  through  the  nerve, 
a  short  circuit  is  made  for 
the  time  being  between  d 
and  E. 

Although  the  con- 
denser is  the  most  perfect 
means  of  delivering  accur- 
ately measured  stimuli  to 
a  nervs^  it  requires  some- 
what oomplra  apparatus 
when  a  rapid  series  of 
stimuli  \^  required.  For 
ordinary  usie,  the  induced 
euTFents  produced  in  a  coll 
ef  fine  wire,  by  the  make 
or  break  of  a  current  in 
anuthor  coil  of  larger  wire 
at  au  adjustable  distance 
from  it,  are  substituted. 
This  lurrangement,  when 
fitted  with  an  automatic 
intermpter,  "  Wagner's 
hammer,"  is  known  as 
'  Du   Bois  Reymond'?^ 

Coil,"  after  its  inventor.  Tiie  curix>nts  induced  by  the  make  and  bi'eak  of  a 
eorrent  in  the  primary  ooil  differ  in  their  time  course,  owing  to  the  fact  Uiat 
the  establishment  of  uie  current  in  the  primary  coil  is  retarded  by  fidf-induetion, 

which  is  naturally  absent  at  break,  since  the  circuit  is  no  longer  complete.  The 
break  shock  i.-'  thpi-ef'TP  of  a  higher  potential  than  the  make  shook. 

Further  deiaiLs  of  the  various  methods  of  electrical  excitation  will  be  fnund 
in  the  article  by  Garten  (1908).  One  or  two  fucUs  may  be  mentiouetl  liere.  The 
current  used  to  eausite  must  obviously  enter  the  nerve  at  one  electrode,  and  leave 
it  at  the  other.  It  is  always  found  that  excitation  takes  place  at  the  cathode 
when  the  current  is  established  and,  if  it  has  lasted  for  some  time,  at  the  anode 
*hpT!  it  is  broken.  These  facts  can  be  made  out  best  by  the  use  of  constant, 
uni(lue<nioii  currents,  which  can  l>e  kept  closed  as  long  as  desired.  Of  course, 
*hen  other  tluin  alternating  currents  are  u.sed,  the  electrodeb  mubt  not  be  capable 
of  polarisation.  'J  he  oonstmction  of  non  polarisable  electrodes  will  be  found  in 
Garten's  article  (1908,  pp.  333-339).  A  vei y  convenient  form  is  the  modification 
of  Ostwald's  calomel  electrode  described  by  Noyons  (1909),  or  that  of  Philippsou 
(1912).    No  excitation  occurs  during  the  passage  of  a  current  as  long  as  it  remains 


Fio.  102. 


El.FXTBICVL  CUICUIT  JTUE  USE  WITH  CONDENSER 
IN'  8TUUULATINO  KXCTTABLE  TISSUL-S. 

(Hermaim,  iUUt).) 
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unaltereii ;  in  fact*  there  must  be  a  change  of  potential  in  oitler  to  excite,  and  this 
change  must  not  be  too  gradual  or  it  not  excite  at  all,  nor  too  rapid,  as  the 
extremely  rapid  alternations  of  the  Tesia  currents,  which  are  piaetica%  ioaelive 
in  proportion  to  the  energy  which  they  contain.  These  currents  are  produced  hy 
induction  from  the  r.ijufl  natural  oscillatory  difichnr;:^  of  a  conrl'^nipr,  stich 
a  Levden  jar,  charged  t<>  a  higli  potential  by  connwtion  to  a  large  induction  coiJ 
or  influence  niacliiue.  A  current  of  nearly  half  an  ampere,  isuthcieut  to  light  an 
incandescent  lamp  in  the  same  circuit,  am  be  sent  through  the  human  bodj 
without  exciting  n0r\'es  therein.  It  appearSi  indeed,  that  what  effectti  4ure 
produced  by  these  so  railed  hi'fh-J're'/Jtpnrif"  currents  are  rnerelv  hie  to  the  best 
into  which  they  are  converted  in  the  tissues  through  which  they  tiow. 

A  convenient  method  of  application  of  currents  of  different  time  course  is  bj 
the  rhetmome  of  von  FleiscM,  described  in  Garten's  article  (1908,  p.  406).  Keitfa 
Lucas  (1907,  1)  describes  a  simple  form  of  rheonome,  formed  by  an  ebcHiite 
diaphragm  with  a  hole,  which  is  moved  across  another  hole  in  a  second  shatter, 
which  separates  two  compartments^  each  containing  saturated  solution  of  zinc 

sulphate,  through 
which  the  current 
passes  by  mesm 
of  a  zinc  dectrode 
in  each  compsrt* 
ment. 

The  use  ol  alter- 
natiDg  curreoti  d 

Binusoidal  forni  pre- 
senta  some  advan- 
tages on  account  of 
the  equali*  V  i'mI  rv 
gularity  with  MhKii 
they  can  be  made  to 
ftinujlate.  Currer,** 
with  an  appnui- 
niately  sine  cone 
c;4Ji  l>c  obtained  by 
thi.'  ratatiun  of  t 
coil  in  a  magnetic 
field,  or  vice  vert*, 
but  to  obtain  mathe- 
matically correct 

curves  requires  very  accurate  apparatus.  The  alternating  current  supplied  bjr  central  staiioiw 
has  nearlv  a  Mine  curve  and.  when  available,  forms  a  convenient  means  of  getting  very  regular, 
gr.nluftlwl,  tetanising  stimuli  from  an  induction  coil  of  the  IHi  Bois  Roymond  typv.  It  Cfm  be 
sent  through  the  seoondary  ooil  and  the  electrodes  connected  to  the  |»rimary,  or  vice  versa,  in 
the  latter  oaae,  of  oourM,  a  lamp  reaistaiioe  mBBt  intemas  between  the  nslm  and  theeoiL 
The  strength  of  the  indneed  eurrenta  it  varied  by  altering  the  distanoe  betwean  the  coils 

The  various  patterns  of  electrodes  need  for  applying  electrical  stimulation  to 
nerves  will  he  found  in  Garten's  article  (1908,  pp.  331-340).  Two  additional 
useful  patterns  may  be  ntentioneil  here.  The  first  is  tliat  u;>ed  by  SherrinnJtoo 
(1909,  p.  382),  especially  for  deep-lying  nerves,  and  consists  of  a  glass  T-tube,  into 
which  the  cat  nerve  is  wawn,  the  current  being  applied  by  two  phktinum  wires^ 
one  on  each  side  of  the  nerve,  pa^ising  through  the  side  branch  (see  Fig.  103). 
They  are  al^o  very  i,'f>od  for  superficial  nerxes.  since  they  prevent  dryinj^  and  can 
be  kept  warm  by  ;i  cui  i-ent  of  saline  over  tlie  outside.  The  electrotles  of  Keith 
Lucas  (1913,  2,  antl  Fig.  104)  are  useful  when  it  is  necessary  to  excite  iien^es 
immersed  in  a  saline  solution,  such  as  sea  water  or  Ringer's  solution,  without  th» 
current  spreading  to  neighbouring  parts.  The  principle  on  which  these  electrode* 
are  constructed  is  that  the  sectional  area  of  the  solution  around  the  nerve  is  raadf 
t<»  <'hnnge  verv  snddenlv  at  tlie  p>int  where  stimulation  is  desired  nn<\  the  cuirent 
is  made  to  pass  by  this  course.  Electrodes  on  the  same  principle,  for  the 
exact  localisation  of  stimuli  on  the  excised  nerve  muscle  preparation,  sw 
described  by  the  same  investigator  (1908,  p.  114)  and  their  degree  of  aoouiscy 
determined. 

Nerves  ran  also  be  excited  by  chemical  means,  as  by  crystals  d  salt  or  by 


Fig.  103.     SHEiaaN(.T.iNVs  tLECTKOUKS  run  bTIMtTLATINU  NERVKS.  — The 

nerve  is  protected  from  diying*  sad  the  vlectrrKlea  can  bs  sewn  np 
in  the  wound,  or  kept  warm  1^  a  enrrent  of  warmed  aalins  nm  over 

them. 

(Sherrington,  1909,  1.) 
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glycerol;  the  action  is  perhaps  more  strictly  physical,  since  it  seems  to  depend  od 

the  removal  of  water. 

Heehanical  methods,  such  as  pinching,  tapping,  shaking,  or  snipping  with 
scissors,  arv'  aUo  effective  stimuli,  but  obviouslv  not  capable  of  graduation.  Tln^y 
produce  more  or  less  injury,  so  that  they  are  used  chieHy  as  ^  means  of  control 
when  it  is  desired  to  exclude  the  possibility  of  a  particular  result  obtained  from 
s  nerre  being  due  to  escape  of  electrical  current  to  ndghbonring  parts.  A  simple 
apparatus  for  exciting  nerv^es  by  dropping  mercury  upon  them  from  diflforent 
heights  is  that  due  to  SchHfer  (1901),  which  is  capable,  to  a  certain  degree, 
of  ^duntion  in  strength  and  rate  of  stimulus,  and  does  not  injure  the  nerve 
loan  apprecial»le  extent. 

There  are  rea^ont*  for  regarding  all  artificial  modes  of  excitation  a^  more  or 
kM  unlike  the  natural  one  coming  from  the  cell  body  of  which  the  nerve  fibre  Is 
a  prolongation.  It  is  possible,  however,  to  exaggerate  this  di£brence;  as  we 
shall  see  later,  the  natural  excitation  is  acoompltnied  by  waves  of  ^ectrical 

disturbance,  similar 
to  iiixtm  produced 
by  artificial  stimu- 
lation, and  the 
optimal  rate  of  in- 
cidence <»f  energy. 
Waller's  "char- 
acteristic," is  prob- 
ably very  close  to 
the  natural  one. 

Nerves  can  be 
excited,  then,  by 
loanv  and  various 
forms  of  stimuli 
and,  supposing  that 
the  nerve  is  in  con- 
nection with  some 
indicatnr,  <-:ii<-h  ns 
a  muM'le,  (iilterent 
strengths  of  stimu- 
lation are  found  to 
produce  difierent 
degrees  of  contrac- 
tion. 

^'All  or  No- 
thing'' —  Now  the 

most  careful  experiments  (see  especiany  thoee  bv  Keith  Lucas  (1909))  have 
shown  that  the  degrees  of  contraction  of  a  muscle,  that  can  be  produced  by 

varvin^  the  strenutb  of  the  excitation  of  the  nerve  to  it,  are  not  as  numerous 
as  the  rJeurees  of  strength  of  the  exciting  stimulus,  but  take  place  in  a  series 
of  steps,  which  are  no  more  numerous  than  the  number  of  motor  nerve  fibres 
Sttpplying  the  muscle.  This  fact  obviously  indicates  that  the  varying  degrees 
€f  contraction  are  due  to  differences  in  the  number  of  muscle  fibres  in  the 
rtate  of  contraction  at  one  time,  and  that  each  fibre  can  only  be  excited  to  its 
maximal  rapacity  or  not  at  nil  Tlie  fact  li;ul  previously  been  established  by 
Bowditch  (1871,  p.  6i*7),  for  the  heart  nmselo  excited  by  stimuli  applie<l  directly 
to  it  The  possibility  of  its  applying  also  to  nerve  itself  was  discussed  by  Gotch 
(1902,  p.  407),  who  came  to  the  conclusion  that  the  magnitude  of  the  electrical 
disturbance  in  nerve  is  conditioned  far  more,  if  not  entirely,  by  the  number  of 
6bres  excited,  than  by  possible  differences  of  intensity  of  the  disturbance  in 
individual  fibres;  but  the  actual  proof  was  not  given  until  the  work  of  A<hian 
(1^^1*2).  If  we  consider  for  a  moment  the  case  of  a  muscle  Ijcing  excited  by  bh(>ck.<i 
ot  varying  intensity  Hpplie<l  to  its  nerve,  it  will  be  clear  that  all  the  nerve  fibres 
srs  not  in  exactly  the  same  favourable  position  for  receiving  the  stimulus,  either 


Fio.  104.  Blscisodbs  or  Ksrh  Locas. 

For  the  preventiM  ol  Mcape  of  eaiTMii  wfatii  tnuiMrMd  to  Mlina  The  poioU  o( 
•tinulatkMi  ara  at  i>,  wliere  ttia  oiimnt  deniity  mddentjr  inoKaaea  to  a  lilgli 
valiw.  ' 

C,  l<ooM  oov«r,  kept  in  poaition  by  an  daatio  band*  Q  \  oan  ba  tipped  np  by 
preariniratB. 

V,  Channel  for  narrab 

B%  View  ivm  above*  , 

E  and  #^  SpSimk  of  line  pletinun  wire,  connected  with  the  wiret  at  the  rigbt- 
hand  MM. 

(Keith  Lucas,  1913,  2.) 
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beeanse  of  their  more  internal  position  and  consequent  short  circuitiiig  of  the 
sh'iniilus  to  a  certain  extent,  or,  possibly,  owini^  to  differences  in  their  own  state 
of  excitability.  This  being  so,  a-  very  weak  stimulus  would  excite  some  and  not 
others,  thus  causing  contraction  of  a  portion  only  of  the  fibres  of  the  muscle. 
Although  these  lattor  may  respond  by  a  maximal  contractioii,  the  fact  alooe  doei 
not,  however,  prove  that  the  impulse  in  the  nerve  fibre  was  a  maximal  one^  smoe  tt 
might  be  only  just  sulfioient  to  cause  contraction. 

A  very  ingenious  method  was  devised  by  Adrian  for  the  investigation  of  this 
and  similar  questions.  All  methixii>  of  experiment  agree  in  showing  that  the 
disturhanoei  as  it  paases  along  the  fibres  of  a  normal  nerve,  snflfers  no  diminution 
in  intensity.  If,  on  the  contrary,  the  nerve  is  narcotised  by  the  appUeatba  of  an 
anaesthetic,  such  as  alcohol  or  morphine,  a  distuibanee,  started  at  one  end, 
decrea??es  in  masrnitnde  progressively  as  it  travels  along  and,  if  the  length  or  the 
degree  of  narcosis  is  sufficiently  great,  it  is  completely  wiped  out.  Since  the 
diminution  in  the  disturbance  is  a  regularly  progreamve  one,  it  is  clear  that  a 

smaller  disturbance  will  be  able 
to  {MSS  along  a  shorter  distance 
of  narcotised  fibre  without 
annihilation  than  one  whirh 
was  larger  to  start  with.  In 
practice,  it  is  more  convenient 
to  vary  the  degree  of  narcosis, 
or  period  during  which  the 
anresthetic  is  applied.  Tl»e 
following  description  from 
Adrian's  paper  (p.  393)  will 
assist  the  reader : — **  The  point 
to  be  decided  is  whether  a  dis* 
turbance  which  has  pa.«:sed 
through  an  area  of  deoiement 
and  entered  normal  tissue  agaiu 
is  equal  to  or  loss  than  a  dis- 
turbance which  has  been  set  up 
in  nonna!  tissue,  periplifinl  to 
the  urea  of  decrement,  md  has 
consequently  escaped  any  reduc- 
tion. The  following  arrange- 
ment was  adopted.  Two 
muscle  nerve  preparations 
(sciatic  gastrocnemius)  are 
taken  under  exactly  similar  <»n- 
ditions.  In  one  of  these  (Fig. 
105,  A)  two  equal  lengths  of  nerve,  d  and  cf  ,  are  narcotised.  These  lengtiis  are  8ep•^ 
ated  W  a  variable  length  of  normal  nerve  and  the  conductance  of  a  disturbance 
througn  one  or  both  of  them  can  1m>  tested  by  stimulating  eleetrodes  T.  and  TT..  pla^«d 
as  shown  in  the  figure.  The  other  preparation  is  nnrcoti'sed  at  the  samerat^'  over 
a  length,  i>,  which  is  equal  to  the  two  lengths,  d  and  d\  together.  Conduction  through 
n  is  twted  by  electrode  III.  Under  these  conditions  the  decrement  sulfered  bv 
tlie  disturlmnce  from  II.,  in  passing  through  </,  will  be  equal  to  that  sufferetl  bj 
the  disturbance  from  IIT.  in  passing  through  the  first  f<  antral)  half  of  D.  If  the 
disturbance  does  not  increase  in  size  when  it  leaves  rf,  it  will  enter  d'  in  exactly 
the  same  condition  as  a  disturbance  which  enters  the  peripheral  half  of  d.  Id 
this  case  the  depth  of  narcosis  required  to  extinguish  tho  disturbance  altogether 
will  be  the  same  in  both  preparations,  and  stimuli  at  electrodes  II.  and  III.  will 
become  ineffective  at  the  same  time.  On  the  other  hand,  the  disturbance  from 
electrode  T.  will  enter  d'  iinredu<  iMl  and  therefore  conduction  from  I.  tO  the  mosde 
will  pereist  for  some  time  aftrr  tho  failure  at  II. 

"Fig.  106,  B  may  help  to  uiake  this  clearer.  Ordinates  are  intended  to 
represent  the  siase  of  tbe  disturbance  at  different  points  along  the  nerve  during  tbe 
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j^-riod  when  a  stimulus  at  T.  is  effective  as  rfgHpls  the  muscle  and  a  stimulus  at 
n.  is  not.  Thus  the  full  liuu  shows  the  disturbancti  htarting  at  II.,  undergoing 
in  cf  a  decrement  wliicli  does  not  lead  to  complete  extinction,  emerging  into 
.'  ••riiial  nerve  between  d  and  cT,  where  it  persists  at  reduced  magnitude  and 
Uten  undergoing  in  (f  a  further  decrement  wliieh  does  lead  to  extinction*  ^Die 
!  rokpn  line  sliows  tlie  (ii'^turhanco  startint^  nt  T.  nrHlerf»oing  in  gT  a  de<'rement 
uiii<;h  dot^  not  lead  to  extiuctiou  and  then  passing  on  to  the  musule  in  this 
reducer!  condition. 

'^Fig.  105,  C  shows  what  will  happen  if  the  disturbance  reooyen  after  leaving 

lite  n^^on  of  decrement.  In  this  case,  the  dLsturbance  from  II.,  when  it  travels 
through  the  normal  tissue  between  d  and  cf,  is  fully  equal  t<)  the  disturbance 
whk'h  starts  at  I.  (broken  line).  Thus  stinuili  at  T.  and  JT.  will  iK^crmie  ineffeetive 
at  the  same  moment  wluiu  the  nart*oti(-  lias  neted  for  such  a  time  that  a  full-sized 
dirtufbanoe  is  extinguished  in  the  length  d  or  d. 

Consequently,  the  only  data  required  lor  the  solution  of  our  problem  are 
tHe  times  from  the  ]M><;inning  of  narcosis  to  tibe  moments  when  stimuli  from 
Hwtrodes  I.,  II.,  and  III.  ewise  to  evoke  a  muscular  contraction.  If  the  stimulus 
fv.ils  first  at  III.  and  aft4»rwarcls  at  I.  and  II.  simultanecmsly,  the  disturbance 
uiust  rm>ver  to  its  original  sise  after  leaving  the  area  of  decrement ;  if  the  stimulus 
Mb  first  at  IX.  and  III.  together  and  afterwards  at  I.,  the  disturbance  does  not  ' 
ttcover.* 

Tlie  actual  experimental  method  used  will  be  found  in  the  ori^Miial  paper. 
^'ufTlce  it  U\  say  here  that  the  results  prove  pnnrlusiv<>lv  tlial  a  disturl)ance,  after 
ijaviug  been  decrea.se<l  bv  passing  tlinui^h  a  rej^'ion  of  dei-renifTit,  r-v'<»r<^r.y  its 
original  magnitude  wiion  it  re-enters  a  normal  area.  We  may  iuok  upon  the 
▼uioas  magnitudes  <rf  the  dbtuifaanoe^  as  it  emor|^  from  regions  of  various 
degrees  of  narcosis  and  enters  on  the  nornial  region,  as  being  different  ,  degrees 
of  intensity  of  a  stimulus  applied  to  the  nonnal  nerve.  Bsperiment  shows 
H  tfic  impulse  then  present  in  tlie  normal  rejT;ion  is  the  same  in  all  cases  and 
iiii mi  ll,  \s  liatever  its  strengtli  was  after  subjection  to  decrement. 

Atu-ntion  iiiaj^  be  called  to  the  method  of  roeasuring  the  strength  of  aa  iin|^be  by  the 
•ittal  of  deereiMiit  it  ean  rafliMr  wtthont  extinction.   An  important  point  in  Adnan'e  work  ie 

^'nt  the  -trfii^th  was  not  measured  by  the  magnitude  of  the  i  Ic  '  trical  <  hange  alont-,  sincf  tlio 
v-xxk%\  reUtioMhip  of  this  obaoge  to  the  propagpiled  dieturbauce  itaeU  is  uot,  as  yet,  com- 
pletely known. 

Another  \^uy,  in  which  the  result  is  confirmed,  is  by  applying  stimuli  of  various 
lengths  and  allowing  the  impulses  produced  to  pass  through  a  narcoti.^  regit>n. 
It  was  found  that  the  same  degree  of  narcosis  abolished  all,  so  that  they  must 

Inve  been  of  equal  intensity. 

By  similar  metluxis  it  was  shown  that,  if  the  impulse  is  altered  in  man^nitude 
W  passing  through  a  cooled  area,  it  regains  its  original  sizo  on  emerging  into 
Aunnal  tiHsue. 

Space  does  uot  permit  discusfliun  here  of  the  results  obtained  by  previous  observers,  wliich 
ti'peared  to  show  a  gradation  of  impuhes  in  nerve  Hhree.  Adrian  (l!tl4)  has  shown  that  they 
Ai  ijot  warrant  the  int*Tpret-atiori  put  ujmjh  tln-m  There  is  one  point,  however,  whi<-h  ^HduIU  ^ 
be  referred  to.  It  waa  thought  at  one  tiaiu  thaL  41  luHve  might  still  be  able  to  conduct  a  pro* 
pAgsied  disturbance  through  a  narcotised  area,  when  unable  to  respond  to  a  ■timilttS  applied 
dirw^ly  \^^  this  area.  The  results  of  Adiinn  sliow  that  the  phenomenon  ran  tm  explain«>d 
without  lhit$  a^Kumption,  which,  therefore,  introduces  an  unnecessary  comjtlioation.  The 
pkcnoBienon  known  as  "Wedensky't  inhibition"  depends  on  the  stage  ol  liiiiinisbed 
excitability  iin huh! lately  following  tho  passnge  of  an  inipuUt'  which  is  known  as  th«  "  i-«fractory 
]M;riod  "  and  will  be  discussed  presently.  With  regard  Ui  the  Hupuoued  distinction  hetween 
«>ridoctiv)ty  and  excitability,  referred  to  alxjvo,  tho  fact  of  the  local  excitatory  change,  which 
is  antetfl^-nt  t<>  ih»'  wtting  up  of  a  prf>pagatcd  distur^niuv^  and  will  be  discusw-d  Ixslow,  slxiuld 
t«  k^»l  ui  nimti.  This  loiuil  Htate  is  not  prupagatcil  ;uid  it  does  nut  appear  improbable  that 
tb«  poMilnlity  of  iu  occurrence  might  be  prevented  hy  the  a(  tiou  of  certain  Sfantit  altlMMgli 
tiw  Mcre  might  stiU  be  aUe  to  oooanot  an  Impolae  started  elaewhero. 

It  appears  to  me  that  the  rej^ults  obtained  by  Adrian  slmw  quite  elearly  that 
^lere  is  no  gradation  of  oxritnt4»ry  state  in  the  nonnal  <  ondition,  so  llinf  tluj  fact 
rrti'nt  l)e  ju  «  ept«<l  whatever  consequences  may  follow  from  it.  Its  application  to  the 
piienoua-na  iu  nerve  centres  and  to  heart  muscle  will  be  referreti  to  later,  but  its 
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FlO.  106.     El-KCTHICAL  CUANOES  IN  THE  TRrVKS  OF  THE  VAOHS  AND  PEVREaSOR  NKR^TH  U» 
NATURAL  CONDITIONS,     RECORDKn  BY  THE  8TR1NU  GALVANOMETER. 

A,  Vatrus.  lUbbiu 

First  ourvt  from  above— Electrical  chan^  in  the  part  of  the  rut  v&jfiw  in  connection  with  the  lunjr. 
SeiTuiKl  curve— K4'spir»torj  movcnienta.    Inspiration  upwanla. 
ThinI  curve— llrart  beaUi. 

1  mm  abaciaKP  =  0  :!  «e4-oi)(1.    1  mm.  ordinate  =  X '5  mlcrovoltJi 

Mot«  Uiat  the  electrical  chan^'e  Is  con^Tueul  with  the  dein-c«  of  dialeuaion  of  the  lungs,  and  that  then  it  w 
chanife  corres)>oiiiling  to  the  heart  b«at«. 
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reiation  to  the  aecretiog  ghmds  may  be  mentioiied  here.  If  the  varying  degrees  of 
eeofotoiy  activity,  to  be  obtained  by  gradatioo  of  the  stimulus  to  the  nerve,  be  due 
to  maximal  stimulation  of  a  git>at<»r  or  less  number  of  fibres,  evidence  sliould  bo 
obtained  in  microscopic  appearances  that  some  cells  or  alveoli  are  much  more 
fatigucHl  than  others.  If  the  figures  on  pp.  d57  and  982  of  Metzner'a  article 
(1907,  2)  be  referred  to^  it  will  be  seen  that  this  is  actually  the  case. 

A  question  cognate  to  the  hst^  and  of  considerable  importance^  is  whether 
electrical  or  other  stimuli  of  different  time  course  are  able  to  produce  net-ve 
disturbfinceg  of  dlff'>'rent  kimlH.  Tins  woul*!  ;i}>j»'Ar  from  Adrian's  results  to  )h;» 
impro>»able,  hut  it  Ivas  been  found  that  the  comparatively  slowly  rising  current,  to 
be  obtained  frum  a  rheonome,  caused  an  abnormally  long  twitch  of  lite  mui^-le  to 
which  the  nerve  was  attached.  Subsequent  investlgatton  with  an  instrument  able 
to  detect  the  existence  of  disturbances  following  one  another  at  veiy  brief  intervals^ 
showprl  that  several  sticceMf«ive  impulses  passed  down  the  ner\T'  in  such  case's  Tt 
appears  that  <lifferent  ncave  film's  are  excited  by  the  slowly  rising  current  at 
different  times  after  it  begins  to  pass.  Dr  Keith  Lucas,  who  gave  roe  this 
information,  also  stated  that  he  was  uniNrare  of  any  evidence  to  show  that  the  nerve 
irDpulse  is  in  any  way  modified  by  the  nature  of  the  stimulus.  The  <]ifferont  forms 
of  j'li'ftrical  change  in  nerve  must,  therefore,  be  ascrih<'<h  to  a  scries  nf  impulses,  if 
it  auppo.s»Hj  tli.'it  they  re)  resent  the  process  in  a  sinj^le  fibre  ;  hut  it  seems  more 
likely  that  a  varying  nuuiU^r  of  fibres  are  being  excited  in  rotation.  A  case  of 
this  kind  is  shown  in  Fig.  106,  D  and  E  (CSnthoven),  where  the  electrical  diange 
in  the  vagus  nerve,  produced  by  inflation  of  the  lungs,  is  seen  to  follow  precisely 
the  degree  of  inflation,  and  might  be  explained  on  the  hypothesis  that  the  receptive 
end  organs  in  the  lung  tissue  are  of  varying  dej^reea  of  sensibilit  v,  su  that  all  would 
be  excited  by  a  stronginflation,  but  fewer  and  fewer  in  projM>rlu>u  as  the  degree  of 
stretching  decreases. 

That  the  result  produced  by  the  impulses  travelling  in  a  nerve  depends  on  the 
way  the  fibres  end,  and  not  on  any  difference  in  the  impulses  themselves,  is 
shown  by  I-angley's  experiments  (18y8)  on  the  union  of  different  nerves.  When 
the  central  end  of  the  vastus  is  joined  to  the  i^H'riplieral  end  of  the  cervical 
sympatltetic,  and  regeuerutioii  has  taken  place,  stimulAtiou  of  the  vagus  produces 
the  same  eflfects  as  that  of  the  cervical  sympathetic  did  previously.  Moreover, 
reflexes  produced  by  afferent  impulses,  which  excite  efferent  fibres  of  the  vagus 
in  tho  normal  stjite,  instead  of  producing  cardiac  inhibition,  cause  Cimtraction  of 
the  arterioles  of  the  ear,  together  with  the  other  I'flecta  of  stimulation  of  the 
syinpatiietic.    The  central  end  of  the  lingual  was  joined  to  the  peripheral  end 

Dmifiraarw.  RibMt 

First  curve— Electrical  chan^  in  the  Imil  mmI  ill  t!ll>  imt  <lt|win  Mim 

Seoood  curve — Respiratory  nioveinenU. 
Tiiinl  i  iirve — Heart  beats. 

1  tiini.  ab*ia88»=0"2  seooad    1  mm.  ordinatesaC  microvolt*. 

JNou  the  electrical  ohMigiBirtUi  sMb  bflwt  bMife,  BOM  irttti  tti«  iMpfntiom. 


Yagn  Mm.  Dog; 


At  tlw  roe  of  th«  sinal  the  iwrtnhcnt  mmI  oI  tM  vww  of  the  opiKwite  side  was  sUmntatod. 
eooUnoes,  wttb  its  eiectrtoil  itfaoL        hiifi  DMt  stops  and,  with  it,  ttie  depre 

JO  and  E,  Vagus.   Dog  under  artiictal  respiratioa. 
In  i>  air  ii  rhythmically  blown  into  the  lunpk 
In     aflflr*  pause,  air  is  socked  out  four  times,  oomoMBdaif  ilSk 


First  earvw— Electrical  oiiMifv  in  thoracic  end  of  vmW. 
Soeood  corves— Movemcnte  of  ohest  upwards  means  {nflatkm. 
Tytd  onrves— Blood  preMoro  with  heart  beats. 
Fowih  Une-Signal. 

%  mm.  almsiMnBO^s  moond-  1  nun.  ordtnatmsO  micarovolti. 

Hot*  bow  Um  elootrioal  efaugs  ooinoidM  with  the  coma  ni  dilteBrtoM  ood  eoattooeo  dnnnr  th*  wholt 
pnlod.  It  it  not  ft  monetary  sSmL 


of  llwolMlrical  effect  with  soietiOB  bi  tho  mm*  a«  that  with  diitoiiiioa,  but  of  Icm  oMgnitode. 
r  aflMtof  tho  hoMk  battoiinot  w«U  M«a. owiof  to  the  dooroMtd  mBtfUttty of  Iho  vilvMi» 
At  the  rim  of  tho  ilgmd  la  A  tbi  oppiNito        wu  itimolatcd. 

(From  oorv««  kindly  sent  by  Prof.  Eiottiovfiii. 
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of  tlie  cervical  sympathetic  in  another  experiment.  Feeding  the  animal,  which 
nonnally  produces  reflex  stimulation  of  vasodilators  to  the  tongue  and  salivary 
glands,  caused  vaso-constrictor  phenomena  in  the  ear;  direct  stimulation  <:»f 
the  lingual  nerve  produced  vaso-«jnstrictor  effects  instead  of  dilator  effects.  The 
conclusion  seems  inevitable  that  the  excitation  process  in  the  nerve  fibre  is  the 
same  in  all  cases. 

The  question  has  important  relations  to  the  physiology  of  the  scnse^rgans 
and  is  known  as  "Mnllor's  law  of  the  specific  energies  of  the  senses."    It  may 

be  mentioned  here  tliat 
mechanical,  chemical,  or 
electrical  stimulation  of 
the  chorda  tympani  nerve 
in  the  tympanic  cavity 
cause  equally  .sensation  of 
taste.  The  sensation  of 
light  said  to  be  caused 
by  section  of  the  optic 
nerve  is  not  quite  so 
certain,  on  account  of  the 
possibility  of  disturbance 
of  the  retina. 

Differences  in  the 
state  of  excitation  of  a 
single  nerve  fibre,  acconi- 
ingly,  can  only  be  such  as 
would  be  brought  about 
by  differences  in  the  rate 
at  which  the  separate 
stimuli  follow  one  another. 

We  wse  now  the  difficulty 
of  Accepting  the  view  of  Kah- 
kiii  (1913)  that  the  difTetvDt 
effectn  of  '*  secretory  "  and 
"  trophic  "  ner\-ea  to  the 
salivary  glandn  are  due  to 
qualitative  differences  in  the 
nature  of  the  impulses  pass- 
ing to  the  gland  cells  along 
tihrcs  of  the  same  kfnd,  that 
is,  with  similar  peripheral 
and  central  connectiooa. 

That  apparently  quali- 
tative differences  in  a 
reflex  can  be  obtained  by 
altering  the  character  of 
the  stimulus  is  shown 
also  by  the  experiments 
of  Sherrington  and  Sow- 
ton  (1911,  p.  439),  where 
the  form  of  the  reflex 
contraction  of  the  vasto-crureus  muscle,  produced  by  excitation  of  the  central  end 
of  the  popliteal  nerve  of  the  .same  side,  varies  in  form  according  to  the  time  course 
of  the  electrical  stimulus  used.  For  example,  that  protiuced  by  the  rhoonorao 
current  has  the  character  of  a  long-maintained,  steady  contraction,  without  evidence 
of  fatigue  and  with  slow  subsidence  after  the  end  of  stinmlation ;  in  fact,  it  has 
the  properties  of  the  tonic  contraction  to  be  described  in  a  later  chapter  (see 
Fig.  107).  Of  course,  there  are  more  varied  possibilities  in  reflexes  than  in  the 
phenomena  to  lx>  obtained  by  direct  excitation  of  the  nerve  observed  ;  but  it 
must  be  admitte<l  that  the  explanation  of  reflex  phenomena  on  the  hypothesis 
of  the  "all  or  nothing"  nature  of  the  nerve  impulse  presents  dithculties,  as  is 
pointed  out  by  Graham  Brown  (1913^.    On  the  other  hand,  the  ti^cings  of  reflex 

\ 
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Kio.  107.  Reflex  i'Roduction  of  mitscle  tonk  by  riteonome 
CURRKNTS  AND  ITS  INHIBITION. — Vasto-cruTeuR  of  de- 
cerebrate cat. 

At  the  top— time  in  leoonds. 

At  the  bottom— idtfiial  of  ittiiiiiilation. 

lUie  in  the  curve  means  contraction  of  the  muacle. 

The  flrst  perio<l  of  Mtlmiilation  la  that  of  the  central  end  of  the  popliteal 
nerve  by  weak  rheoiiunie  current*.  The  /own*  \t\er«a»tt.  The  nocond 
period  of  Btiniulation  is  that  of  the  same  nerve,  throu)rh  the  same 
electrodes,  by  a  weak  faradic  current  from  an  induction  coll  for  one 
■eoond  only.    Inkibitioii  inimeiliately  results. 

(Sherrington  and  Sf)wton,  1911,  1,  Fig.  7.) 
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contraction  given  by  this  oxperunenter  show  a  number  of  steps  of  gradation 
whidi  do  not  safficiratiy  exceed  the  poagiUe  number  of  motor  fibres  in  the  nerve 
to  be  satiafBcfcoiy  prool  of  the  hrar  iniling  to  apply  in  this  oaae. 

As  far  as  (h^  number  of  MpaMta  nerve  fibres  in  the  mntor  ncrvu^  to  the  eyeMiuitclos  is 
concprntxl,  it  seems  that  they  are  fully  sufficKMit  U)  provide  for  nil  the  dogrces  <>f  oontmrition 
reuuirtxl.  In  the  sixth  oranial  nerve,  which  Hupplios  the  exleriuil  rtv;tu8  luuaule,  the  number 
of  nlHnes  \»  given  hyZoth  ( lilOS)  as  2,riU0  in  man,  and  those  in  the  nerve  to  the  superior  oblique 
muscle  as  2, 150.  This  fact,  in  itself,  obviouslv  suggests  that  diflbrent  degrees  of  ooDtraotioa 
are  eflRscted  by  changes  in  the  nnmhtr  of  muscle  fibres  stimulated.  II  there  were  a  possibility 
of  diflerent  degrees  of  activity  in  the  same  nervs— 4ir  mnsole— fibre,  s  very  Dwdi  Bmsller 
namber  of  individual  fibres  would  be  nufYiciintt. 

Refnteiary  State.— It  wa^  fir.t  shown  by  Ootch  and  Burdi  (1899)  thnt,  if 
a  stimulus  is  follow»^d  by  a  second  one  at  an  interval  less  than  aiwut  O'OOH  .socotid, 
differing   accordiuj^  to  temperature,  the  second  one  does  not  give  rim  to  a 


Flu.     108.      CURVK    or    bliCOVEKY    or    EXCITABII.ITV    Of    N£KVK    AFTKU   A  rBBVIOHtS 

STIMULUS.— Hie  refractory  state  is,  at  firsts  absolute  ;  excitability  returns mdiially, 
and  h(  r>f>nTeR  nnrmal  at  abottt  0'012  seoofuL    It  is  followed  by  a  brief  stsge  of 

su pernor mal  excitability. 

(Adrisn  and  Loose,  IMS;  114.) 


propagated  diMturbanw,  as  indicated  by  an  electrical  chatiijo  This  means 
tluit  the  nerve  is  inexcitable  immediately  after  a  state  of  excitation.  Further 
investigation  of  the  state  of  the  nerve  during  the  period  succeeding  the  passage 
of  a  dtstnrbnnee  was  made  by  AdriMi  Mid  Laoas  (1913),  by  a  metliod  in  whidi 
contraotion  of  the  attached  muscle  was  used  as  indication  of  the  dtstnrbanoe 
in  the  tutv*'  Fij;^.  108  ropresent*!  the  pcrcontaj^c  of  normal  excitability  pr<*Hent 
at  various  ml<"rvals  of  time  after  the  excitation,  at  a  tcniperaturo  of  li^'H  C.  It 
will  be  Heen  that  for  0  0025  second  after  a  previous  stimulus  there  in  complete 
inexcitability  to  any  strength  of  stiranlus  (**absolate"  reCractfNry  period).  From 
this  time  to  about  0  012  second  the  excitability  is  lower  than  normal,  gradually 
increasing;:  is  the  periiKl  of  "  relati  vti '.' j-cfra«,«to^w»tate,  in  which  a  stimulus 

stronger  tliiui  normal  is  required  to  set  up  any  pro]>agated  difstnrbiince.  Following 
Uus,  until  0  026  «>econd,  there  is  a  period  during  which  the  nerve  shows  increased 
excitability,  to  which  reference  will  be  made  again  presently. 

During  the  relatiye  refractory  peri(Ki,  the  disturbance  set;  up  a  stimulus 
which  is  just  strong  enough  to  excite  is  lea*?  than  the  nonnal  one,  as  measured  by 
its  ability  to  ^averse  a  narcotised  region.    In  the  nonaoal  nerve,  as  we  have  seen, 
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if  a  propagated  clisturbance  is  produced  at  all,  it  is  a  maxiroal  one,  and  it  ii 
impossible  to  produce  one  of  toe  smaller  magnitode  of  those  excited  to  ths 
refractory  state.  The  question  arises,  then,  whether  these  smaller  disturbanoes 
cm  1)e  made  greater  by  stronger  stimuli.  Adrian  (1913)  finds  that  tliis  i^j 
irnposmble.  So  that  the  magnitude  of  the  difiiurbance  ifi  conditioned  oulj  by  the 
state  of  irbe  nerve  at  the  time. 

The  refractory  state  which  follows  a  second  eftctive  stimulus,  applied  during 
the  relative  refractory  state  following  a  previoas  stimulus,  is  shorter  than  the 
normn!  one.  The  duration  of  the  refnustory  state  is,  therefore,  dependoii  oo  the 
magnitude  of  the  disturbance. 

The  refractory  state  ib  not  iiieiely  a  local  effect  at  the  point  of  application  of 
the  stimulus,  but  is  the  same  at  any  point  in  the  nerve  after  the  passage  of  the 
propagated  distttrbanoe  (Bnunwdl  and  Lucas,  1911). 

Keith  Lucas  (1911)  shows  further  that  the  refractory  state  is  associated  witK 
the  propagated  disturbance  by  the  f;u  t  that  a  stimulus  falling;  within  the  absolute 
refriMjtoiy  period  of  a  previous  one  (if>e8  not  prolong  that  refractory  state,  and  a 
third  stimulus  is  effective  at  the  same  interval  of  time  after  the  first,  whether  the 
second  has  been  interpolated  or  not. 

Fatigue,— li  we  regard  fatigue  as  that  result  of  activity  by  which  a  odl  isksB 
readily  put  into  .action  again  until  a  certain  time  for  recovery  has  been  allowed, 
it  is  clear  that  the  refraqtory  state  it.self  is  one  of  fatigue.  Umler  (Mtlinary 
conditions,  however,  the  recovery  is  so  rapid  and  complete  that  it  is  inipo^^ible  u» 
deinon8te«4»  that  a  nerve  is  koi  excitable  at  the  end  of  a  long  period  of  activity 
than  at  the  beginning.  From  certain  experiments  by  Baeyer  (1902),  it  appesn 
that,  in  the  absence  of  oxyf^en,  signs  of  fatigue  are  to  be  detected ;  while  the 
refractory  period  was  found  by  Frohlich  (1904)  to  be  prolonged  to  0-1  ftecoad 
in  the  aUience  of  oxygen.  In  view  of  the  definite  proof  by  A.  Y.  Hill,  that  the 
beat  evolved  is  so  minute  as  to  make  it  very  doubtful  whether  there  is  any 
meftabolism  io  the  nerve  fibre,  it  becomes  necessary  to  consider  for  a  nrament  whst 
are  the  experimental  facts  with  regard  to  the  effect  of  oxygen.  The  experioMDts 
of  Baeyer  showed  that  a  region  of  nerve,  exposed  to  currents  of  nitrogen  or 
hydrogen,  failed  t^)  re.spond  to  induction  shocks  after  Home  five  hours'  action. 
The  excitability  returned  in  oxygen.  This  behaviour  is  t^uite  similar  to  that 
whwi  a  typical  anesthetic  is  used,  so  that  it  seems  that  the  process  may  wdl  be 
the  same.  Baeyer  (1902,  2)  did  not  obtain  any  evidence  that  the  time  required 
to  produce  the  state  of  inexcitability  was  made  shorter  by  continued  stimulation 
of  the  nerve.  Thorner  (1909),  however,  found  that  rontinuous  tetanic  stimula 
tion,  in  the  absence  of  oxygen,  caused  an  earlier  appearance  of  the  inexcitable 
ocmdition;  recovery  took  place,  to  a  considerable  extent^  when  the  excitation 
ceased,  teitkotU  the  necessity  of  the  presence  of  oxygen. 

It  seems  poasible  that  the  local  effect  of  the  current  at  the  eleotrodes  wee  not  tnfficienUy 

cxeludwl  ill  thcfsc*  experiments.  Polar i.<wit ion  ist  not  eauily  prpvont<*d.  Anyone  who  h« 
excittxi  the  va^u«  nerve  of  tlic  cat  is  familiar  with  the  fad  tliat  tiie  inhibitory  effect  on  the 
heart  mpidly  diiappaarB  durine  stimulatum  and  that  reapm  araocs  ooenm  when  the  electrodes 
are  moved  to  another  spot  on  tne  nerve.  The  resulta  of  Jiaeyer  may  possibly  have  heen  dae 
to  traces  of  impurity  in  the  gases  used,  although  they  were  purified  by  the  usual  cheniioal 
methods.  Exposure  for  five  hours  might  enable  aa  eflbot  to  be  pradnoMl  by  tnoet  wUck 
would  bo  incapable  of  detection. 

On  the  other  liand,  since  we  must  suppose  that  nerve  fibre  is  living,  it  is 
fiitlicult  to  believe  that  it  is  ab.'^olutely  devoid  of  respiratory  activity.  We  know 
that  it  requires  a  certain  minimal  amount  of  energy  to  start  a  disturbance;  but 
the  fact  that  this  distorbance  in  normal  nerve  is  propagatdd  without  duninntaon, 
suggests  a  physical  proceas,  although  it  might  be  argued  that  eneigy  is  sapplitd 
to  it  as  it  travels.  In  the  latter  ca.<;e,  it  is  conceivable  that  the  ener^  giving 
material  might  require  replacement  by  an  oxidation  process  ;  but  we  are  nj^j'in 
met  with  the  difficulty  of  the  absence  of  heat  production.  A.  V.  Hill  suggests 
that  oxygen  acts  by  keeping  the  maefaine  in  order,  as  it  were,  somewhat  as  oil  in 
a  motor  does. 

It  must  be  confessed  that  this  seems  a  rather  oniiHutil  funotion  for  oxygen  to  perform,  and 
it  does  not  appear  to  nie  tliat  tlM  d^ndeooe  of  ezdtabili^  on  o^gan  turn  bean  •attadbotori^ 
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desnoostrated.  It  would  be  desirable  to  (est  the  eft'eot  of  »  simple  vacauai,  although  the 
•xperimental  dtfBculties  of  exposing  the  nerve  io  the  VMunin,  while  Allowing  eooaM  of  oxyeen 
to  th«'  musrlc,  8e<>m  inmiponihfe;  the  me  of  the  elecirioel  diangeaa  indioator  would  be poamue, 
though  less  satisfaotory. 

In  any  raso,  it  will  have  been  abumlanHv  rlear,  from  the  various  fo  ts  given 
in  previous  pages  of  this  book,  that  the  foixi  requirements  of  cell  vuukinery  in 
general  are  extremely  small ;  food  is  required  to  afford  energy  for  the  numerous 
physiol(^ical  processes,  and  tiiis  is  done  by  oxidation  under  the  action  of  the  cell 
mechanisms.  An  infinitesimal  amount  of  oxygen  may  actually  he  necessary  in  such 
a  process  as  that  of  cniKluctiori  in  norvp,  whore  thrro  is  pnu  ticHlly  no  energy  change 
involved.    We  shall  meet  with  some  further  facts  bearing  on  tlu>  question  presently. 

Summation  and  FacUitalion. — In  the  experiments  of  Adrian  and  Lucas 
(1912),  from  which  the  curve  of  Fig.  108  (p.  389)  was  constructed,  we  see  evidence 
that  the  refractory  period  is  succeeded  by  one  of  slightly  increased  excitability, 
in  winch  a  h*s.s  strengtb  of  stinnilus  is  require<l  to  excite  a  propagated  disturbance. 
This  phenomenon  is  met  with  in  any  part  of  the  nerve  after  the  passa^"'  of  a 
disturbance.  There  is,  however,  another  form  of  increased  excitability,  shown  at 
the  point  of  excitation  only  (Adrian  and  Lucas,  1913,  pp.  69-72).  The  first  effect 
of  a  s^ulus  at  its  place  of  application,  is  a  process  which,  on  Nemst's  theory  of 
eateitatioii  (see  later,  page  393),  we  should  interpret  as  a  concentration  ol  Ions  agsinst 
ft  semip*^rnioablo  membrane.  Now  this  liappens  even  when  the  stimulus  is  too 
weak  to  set  up  a  propa;j;ated  disturbance.  It  is  shown  by  tho  fjict  that  a  sei'-ond 
stimulus,  also  inadequate  by  itself,  following  tlie  tirst  after  about  0*0008  second, 
sets  up  a  propagated  disturbance.  It  is  clear  that  the  first  stimulus  has  left  hehind 
it  a  chan<(c  of  sotnu  kind  whidi  persists  for  a  measurable  time,  and  is  added  on  to 
that  jtrodut^ed  by  the  second  stimulus  when  this  is  put  in.  The  propa^^ted 
di.sturbance,  on  the  other  hand,  as  we  liavo  '^pph.  leaves  behind  it  a  sta;,'o  of 
diminished  excitability  at  this  interval  after  a  previous  stimulus ;  so  that  there  are 
evidently  two  factors  involved  in  the  excitatorv  pcooess,  one  of  which  is  confined 
to  the  point  of  application  d  the  stimulus.  The  importance  of  this  fact  for  the 
theory  of  excitation  will  he  seen  presently. 

A  narcotic,  nw^h  nir  r,hnl.  f!,K'a  not  prolong  tlie  time  required  for  recovery,  tliu  rLfnict<jry 
atate,  even  at  the  stage  io  which  the  disturbanoe  in  conducted  with  considerable  decrement 
end  slowing  of  rate  of  ooudaction  (Keith  Luoes,  I9I3).  This  fsoc  soffgeete  that  the  recovery 
prfv>f  ?f;  ig  not  of  the  nat'art-  of  a  chemical,  oxidation  procoes  unncr  the  control  of  living 
protoplasm.  In  fact,  it  seems  to  exclude  the  view  of  the  neooaaity  of  oxygen  for  recovery, 
SB  sja  oxidative  prooess. 

Tke  Sledrieal  JSsqootJM. — We  have  seen  tiiat  the  disturbance  in  nerve  ia 
aasoctated  with  a  temporary  state  of  n^ativity.   The  meaning  of  this  will  he 

discussed  presently.  It  Ls  held  by  some  (tbsc-rvers  that  the  two  processes  are  not 
necessarily  connected,  but  Keith  Lucas  (1U12,  pp.  502-508)  shows  that  none  of 
their  experimental  results  are  free  from  objection  and  that  there  is  no  rcaj>oii  for 
doubting  the  identity  of  the  two.  On  the  other  hand,  he  points  out  that  more 
strict  proof  is  desiraUe  before  definitely  accepting  the  electrical  change  as  a  basts 
for  a  physioo-chemical  explanation  of  the  excitatory  process.  In  the  case  of 
muscle  we  shall  find  evidence  tfmt,  rtltliough  the  excitatorv  process  and  the 
electrical  response  may  be  the  «ume  pheuomonon,  yet  Ixith  tlx  .so  may  be  present 
without  a  contractile  response,  which  is,  so  to  speak,  an  additional  procesii,  whose 
conditions  of  appearance  may  I  k)  absent. 

Ifoodonald  (1902)  gives  good  reasons  for  regarding  the  potential  difference 
l)ctwecn  cut  end  and  longitudinal  surface  of  nerve  as  duo  to  the  lii'.ili  concentration 
of  inorf^anin  wilta  in  the  axis  cylinder,  in  connection  with  the  presence  of 
membranes  impermeable  to  these.  This  potential  difference  was  found  to  be 
abolished  by  a  certain  concentration  of  ions  outside  the  nerve,  7  to  10  per  cent,  of 
potassium  chloride  being  necessary.  The  salts  of  the  nerve  cannot  lie  re^garded  as 
combined  chemically  and  split  off  on  excitation,  but  must  be  adsorbed  on  surfaces 
of  colloids  in  the  axis  cylinder.  In  tlii^  way,  as  is  poinfofl  out,  these  salts  arp 
preventoti  from  manifesting  their  great  usiuotic  pix'ssure.  The  dithcully,  however, 
stiU  exists,  since  ions,  in  order  to  give  the  necessary  Helmlioltz  double  layer,  must 
h^Jree  and  not  adsorbed.  The  electrical  state  of  nerve  and  mu^e  is  often  spoken 
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of  W3  thafc  of  a  concentration  battery.  As  we  flhall  aee  later  (pa^  393  and  C^mfkm 
XXII.)  it  is  only  in  a  modified  sense  (hat  this  statement  cao  be  made. 

Under  oert«in  oonditioiw  it  is  pcmsiUe  to  observe  an  electrical  clian^n  in  the  oppwiu 

direcfinn.  aftrr  txHKaliuii  of  the  ^stimulus,  both  affr  r  1<  t;t?n?iiig  find  lih'  i  -iii^l--  -'insub 
(Garten,  J9U3,  p.  This  phenomenon,  whivh  wah  tii»t  noticed  by  Kwahi  llbriiu^  ira^ 

oorrdftted  by  him  with  the  reatitatkm  or  aflnmilMtion  process,  bv  which  the  «xeitediMn« 
returns  to  its  original  '^tatr  Tlii^  virw  is-  in  agreement  with  Heriog's  well-known  thwry 
of  assiroilaiion,  which  wiU  l>e  dim;u8>HMl  under  the  head  of  "inhibition.**  But  it  cannot 
be  Raid  that  we  have,  as  yet,  a  aatiafaetory  explanation  of  thin  positive  electrical  respocLsr. 
It  niny,  perhaps,  have  some  connection  -vvitli  the  stage  of  increased  excitability  of  Atlri*^ 
and  Luois.  Acooniing  t<)  V^Bzi  (1912),  licjwc-ver,  the  magnitude  of  an  electrical  r«»p<>iii:«^'  if 
deenoMd  in  the  Ktage  of  pofiitivity  after  a  prolouged  tetanic  excitation,  bnt  it  would  Ite 
more  to  the  point  if  tiie  observations  had  l>een  made  tin  the  actual  prtjpagatcd  diKturbanctr 
itaelf.  Cremer  (1^09)  su^eats  that  nurve  in  the  resting  state  may  he  in  a  ctmdiiion  of 
partial  excitation  or  negativity,  which  disappears,  of  course,  immediately  after  a  disturbttoce. 
ami  would  give  rise  to  the  appearance  of  a  stage  of  less  negativity,  that  is,  of  poeitivity,  until 
the  normal  tonic  state  is  ru  established.  If  the  ruuling  static  is  a  balance  of  two  opposite 
processes,  as  is  likely,  there  is  some  justification  for  Cremer's  view,  although  no  other 
evidmoe  has  been  brot^ht  forward  in  favour  of  the  exiatenoe  of  «aoh  a  tooio  oaodittoa 
partial  excitation. 

Certain  support  is  given  to  the  idea  of  the  electro  positive  response  as  representative  of 
a  restitution  prooesa  by  the  experiments  of  Sochor  who  found  (hati  in  a  carrot  of 

nitrogen,  this  positive  uter-aoiion  is  Abolished  much  more  rapidly  than  ^e  ncqgative  excitatory 
change  jH.  The  result  nn'glit  Ik;  inler|>rete<l  .-us  Hlxiwirig  the  necessity  of  oxygen  for  restitution, 
but  the  fact  that  carbon  dioxide  was  found  to  abolish  the  effect  much  more  quickly  tlian  nitrogen 
does  suggests  rather  narootie  aetioa.  As  Qartea  remarks,  gifting  the  aeoeesity  of  oxygen 
for  the  restoration  iMmceaa  does  not  piore  that  it  is  an  aaumilation  in  the  acnaa  of  Hemi^ 

Salle  1^  Conduction, — Tlie  fact  that  tlie  nerve  impulne  takes  time  to  traverse 
a  nerve  was  first  defiiiitoly  sliown  by  Helniholtz  (1850)  and  l)a4l  an  important 
efTect  on  viows  taken  with  regard  to  mental  phonomona,  ainoe  here  was  a  nervous 
process  capable  of  numerical  expression. 

-  The  valne  obtained  by  HelmholtE  for  the  frag'  was  S9  m.  per  second.  In 
man,  the  latest  value,  obtained  by  Piper  (1912,  p.  52),  is  123  m.  per  second. 
Tliis  was  obtained  by  the  use  ol  the  sking  gslvanometer  and  may  be  taken  as  a 
very  accurate  one. 

All  invcstigatorti  agree  that  tlie  rate  ia  independeut  of  Ute  Htrengtli  of  the 
stimulus.  Naroitics,  such  as  alcohol,  slow  the  ra4;e  of  conduction  (Keith  Lucas, 
1913). 

The  temperature  coefHcient  in-  determined  by  the  must  accurate  method, 
that  of  Keith  Lucas  (UM)S),  i.s  I  Ti)  fur  10°.  J  have  alrea^ly  yMt;nte<l  out  (pa^  42) 
that  it  i«  not  permissiV)]*'  to  draw  eonclusions  a.s  to  whether  a  pnx-ess  is  chemical 
or  physical  from  this  value  alone ;  one  may  say  this  much,  Uiat  a  simple 
diemical  reaction  with  a  temperature  coefficient  lower  than  2,  at  oidiniiry 
temperatures,  is  extremely  rare,  if  not  unknown. 

f  ^hamjrs  ill  PemnmhUity.    Wlien  a  nerve  is  cut  across  and  electrodes  placed 
on  the  cut  end  and  on  the  longitudinal  surface,  or  in  T^Taedonald's  exjx>rinients 
referred  to  above,  there  is  found  to  be  a  difierenco  of  electrical  potential  k^t  ween 
these  points,  such  that  tiie  cut  end  is  negative  to  the  normal  surface.    As  we  shall 
see  in  Chapter  XXII.,  the  only  safas&etory  way  of  explaining  sndi  eltetoioal 
atates  is  by  the  aasumption  of  a  membrane  which  is  permeable  to  one  of  the 
ions  intM  v>lii(  h  an  cleetrolyte  inside  tlic  axis  cylinder  is  dissnf  int«'t],  hut  not 
pemieaV)ie  to  the  <ipjx)sitely  charged  fellow  ion.    We  have,  indeed,  described 
such  a  case  in  that  of  Congo  red,  separated  from  water  by  a  parchment-paper 
membrane.   A  Hebnholtc  double  layer  is  formed  at  the  UMmbrane  or,  sa  it  is 
sometimes  expressed,  the  membrane  is  "polarised,"  having  anions  on  ooe  side, 
cations  nn  the  other  side.    Siipp(^^  the  membrane  to  Ixx'oine  suddeidy  permeable 
to  both  ions,  what  will  haj»pen  ?    Since  the  constraint  preventing  tlie  two  layers 
of  ions  from  freely  mixing  is  removed,  the  ordered  arrangement  of  ions  ceases  to 
exist  and,  with  it^  the  potential  diflbrenoe  between  the  two  sides  of  the  membrsDe 
and  the  possibility  of  polarisation.   Now  this  is  precisely  what  happens  when  a 
nerve  is  put  into  a  state  of  excitation.    If  the  cut  end  is  negative  at  rest  aiwl 
the  other  e1e<  tn»<h«  on  tlif  loTigitudinal  surface  Ixniomes  nfi^'ntive  when  excitetl 
as  experiment  shows,  the  potential  difference  is  either  greatly  reduced  or  abolished, 
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accortiin^  to  the  extent  of  tho  loss  of  in)f>ermeability  at  t}i«'  oxcitwl  spot.  Tliia 
is  wliy  the  electrical  re»pon8e  of  nervo  or  muscle  may  be  called,  aa  by  its  discoverer, 
Da  Bois  Reyroond,  the  **  negative  variation  " ;  negative  does  not  refer  to  the  sign 
of  tl|e  eiectrieal  response,  but  means  diminntion. 

^Hiifi  manner  of  origin  of  the  electrical  response  is  sometimes  described  as  a 
"conrf^ntrfiHoTi  liattcrv,"  but,  if  the  description  on  pages  190-191  ahovti  ro- 
ferrtni  to,  it  will  be  »i'en  that  a  conoentration  battery  in  the  original  sense  ro(inires 
electrodes  of  one  of  the  elements  of  the  dissociated  salt,  llie  electromotive  force 
of  the  kind  of  battery  with  which  we  aie  here  ooncemed  is  also  a  function  of 
the  relative  conoentnltioD  of  the  two  solati^ms  in  the  ion  to  which  tlie  nu  inlirane 
is  pomieable,  and  is  expressed  by  the  formula  which  Nernst  worked  out  £oc  the 
concentration  battery  proper,  as  will  he  shown  in  Cliaptcr  XXII. 

If  a  potential  difference  is  applied  to  such  an  arrangement,  so  tliat,  fur  example, 
the  anode  is  on  that  side  of  the  membrane  where  are  the  cations,  to  which  we  will 
soppoae  the  membrane  to  be  impermeable,  and  the  cathode  on  the  opposite  sid^  it 
will  be  clear  th|kt  no  current  will  flow,  since  no  cations  can  travel  to  the  cathode  to 
be  rli.sohartjfv?  there.  Thf  membrane  is  .suifl  to  Ixj  polarised.  If,  however,  the 
membrane  Ux^^omes  coiii|iletely  permeablo,  the  current  can  pass  freely,  «nd  the 
polari&ation  ceases.  This  change  was  shown  by  Hermann  (1879.  pp.  165-167)  to 
occur  in  the  exdtation  of  nerve;  it  becomes  less  polarisabk^  as  it  mi  <;!  1 1  be  expreowd. 

The  fact  may  abo  be  ttatod  in  the  form  that  the  excitatory  ohange  in  increased  at  the 

anrxle,  dinitnishod  at  l)v*  '  a(h'>r1f  VerzAr  (1912)  ha«  o1>laifie<l  resultH  which  .show  that  Ihit 
dioiiuiBhed  polsrisabiUiy  la^iUi  considerably  louger  than  the  electrical  excitatory  change  proper, 
altlKnigh  in  a  dininidied  dogrea. 

BSuther  direct  evidence  of  increased  permeability  of  the  inembrane  in  excitatioa 
will  be  found  in  the  case  of  muscle  below. 

Confirmfitinn  of  this  view  of  the  sou  hp  of  the  electromotive  force  of  nerve  is  to 
b<:»  found  in  the  experiniPTits  of  Macdonald  (1900)  on  tho  magnitude  of  the 
"demarcation  current,'*'  when  immersed  in  solutions  of  electrolytes.  This  demarc^ 
tion  ctHTenf*  or  potential  diflSarenoe  between  cut  end  and  normal  surface  follows 
the  Nemst  formula  for  concentration  battenes»  as  we  have  seen  that  the  aembrane 
procesB  of  the  hypothesis  in  question  does. 

It  must  l)e  confopKed  that  it  is  difficult  to  mnkc  r)Ut  at  present  which  of  the  two  fhaiiuf  s 
referred  to  is  the  cause  of  the  other,  or  whether  they  are  different  expressious  ut  tho  same 
I^ienomenon.  The  loee  of  impermeability  may  be  the  cause  of  the  disappearanoe  of  poUrisa- 
ti<in,  or  the  disappramnco  of  polariflatmn,  ns  in  excitation  by  an  electrical  current,  may  affect 
the  inembrane,  which  must  be  colluid.il  in  nature,  in  such  a  way  as  to  make  it  permeable.  But 
it  is  nf>t  easy  to  see  how  mtchanical  stimuli  can  direetly  aflect  polariaaiion. 

When  the  excitability  of  nerve  i«  spoken  of  aa  a  colloiaal  phenomenon,  what  i«  to  bo 
umlerstood  is  that  the  membranes  of  which  we  have  spoken  are  of  complex  cuUuidul  ntrticture 
and,  aa  mich,  sensitive  to  elect roh  tea,  etc.  Hoeber  (1910)  has  shown  that  electrolytes,  in  their 
action  OT1  nerve,  follow  the  Ho^neister  serie?;,  a  rharaeteristic  of  their  m.tion  on  lyophile 
colluiils,  aa  we  have  seen.  Loewe  (1913),  also,  shows  huw  the  action  uf  narcotics  is  to  be 
explained  ae  a  decrease  of  the  possibility  of  the  membrane  beconritlg  permeable  on  excitation. 
This  rfeerease  is  due  to  adsorption  of  the  narcotic  by  the  preponderant  lipoid  constituents 
of  the  membrane,  which  are  thus  changed  from  lyophile  to  lyophol>e  colloids. 

NernH  Tiieory  of  Excitation. — Nernst  (1699),  considering  the  reasons  why 
very  rapidly  alternating  currents  do  not  excite  nerves,  was  led  to  the  view  that  the 
process  of  excitatioa  by  an  alternating  electrical  current  is  essentially  connected 
with  the  production  at  some  membrane  of  a  cortain  minimal  concentration  of  ions 
to  which  the  momhrane  is  impermeable.  If  tlip  time  during  which  the  current 
passes  in  any  one  direction  \h  t(K)  short,  the  opposite  current  will  rarry  back  the6e 
ions  before  they  have  bad  time  to  reach  the  effective  concentration.  This  view 
leads  to  the  simple  law  that  single  currents  of  variable  duration  will  be  of  the  same 
just  effective  strength  if  the  product  of  their  strength  and  the  square  root  of  their 
duration  is  constant.  Tliis  follows  from  the  mathematical  expression  for  cliffusion. 
Now,  experimentally,  this  simple  relation  is  found  to  hold  only  in  a  iiniitcil  n  t^ion 
of  very  short  durations  of  current  flow.  In  fact,  Nernst  himnelf  r(^anls  it  only  as 
a  lint  approximation  and  suggests  factors  that  have  to  be  taken  into  consida'ation 
in  a  law  of  wider  application.  Some  of  these  factors  have  been  considered  by 
A»  y.  Hill  (1910)  and  modified  formuls  put  forward. 
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Tfao  factors  in  ((ueKtioo  may  ite  disou8S()(i  briefly  here,  ll  mny  U)  inxuted  out  \kiiA,  frao 
the  fttan<i point  of  general  physiology,  tho  vulue  of  formttlaeof  the  kind  in  qne^oo  is  mtio 

iniii  !i  t !i;\t  i)f  lH>ing  ahlr  to  cxpicf's  the  relation  hotween  tho  excifinr  jviwct  of  an  rlectnrai 
stimulus  and  its  physical  propertieSf  but  the  light  that  they  throw  on  tho  nature  of  ti» 
excitatory  prooen  itaelf. 

Tho  lirst  point  is  that,  in  Ncrnst's  treatment  of  the  problem,  only  one  menibraoe 
is  taken  arrotmt  of.  But  it  is  rioar  that  tliorp  may  he  another  memhrane  at  nr' 
j^reat  distance  from  the  one  under  consideration,  uhieh  will  make  a  eonsiiifmlle 
diii'eronce  in  the  difliision  of  the  ions,  since  tlie  ions  ot  opposite  sign  will  be  con 
oentrated  there.  By  the  introdactioD  of  this  eonoeption,  Hill  deduces  a  fbramb 
which  was  found  by  Keith  Lucas  (1910)  to  satisfy  iBxperimeiital  data  when  coneBts 
of  long  dnration  am  used.  The  efifect  of  the  proximity  of  the  sambranes  in  it^^ 
tendency  to  eanse  the  ec|uaHsation  of  concentration  hy  diffusion,  owincj  U^  the  rapid 
fall  of  concentration  in  a  short  distance,  would  naturally  not  come  into  plajinveij 
short  periods  of  closure  of  the  current. 

A  seoood  pointy  which  was  suggested  bjr  Nernst  in  order  to  account  for  Ibe 
fact  that,  if  a  current  is  allowed  to  rise  in  strength  at  a  rate  leas  tlia&  a  certain 
critical  value,  it  does  not  excite  at  all,  is  that  there  is  reason  f<>  stippise  that  \\^. 
reparation  of  ions  hrought  ahout  by  the  current  is  Hretnuji mied  by  »  slo*. 
independent,  automatic  process,  by  which  the  ions  are  taken  out  of  tho  sphere  d 
action  in  some  way  before  they  have  attained  suflBcient  concentratioii  to  exdte. 
The  precise  manner  in  which  this  happens  is  not  clear,  but  it  is  profaabljr  t 
reversible  process  of  the  nature  of  adsorption. 

Hill  gives  (IIMO,  p.  iMH)  as  an  illustration  a  tubo  of  a  mixtun'  of  oxygen  and  hydro-jw 

faaes.  Suppose  that  thiij  is  heated  at  one  end  to  a  tcniperatut  u  ut  which  exploi«ion,nccnr< 
'his  correspcmda  to  an  effective  stimulus  setting  up  a  propagated  distturtmooe.  Kut,  if 
heat  very  gradually,  not  allowing  the  temperature  to  rise  to  the  explosion  point,  the  gw^ 
combine  slowly  without  exploKion,  and,  if  the  heating  is  continued  for  a  Hutiicieotly  Ion; 
time,  there  will  ho  a  very  small  tension  of  the  gases  left  tmcombinod,  and  no  evpkwiOB  win 
result  even  when  the  temperature  arrives  at  the  degree  usually  sufficient. 

Aooording  to  Hill,  the  experinuHital  results  available  at  present  are  not  of  such  a  fora 
as  to  enable  his  formula  to  bo  applied  to  oases  of  exeittog  oumnts  ahnrly  rismg  in  stnngth. 

Although  the  compit  tr  derivation  of  the  formula  is  beyond  the  space  that  CM 
he  ^iven  here,  it  may  Ije  of  interest  to  enumerate  the  &ctors  of  which  it  eoonBU 
In  iU  simplest  form  it  is : — 

.  A 

where  i  and  i  are  the  variables,  i  being  the  smallest  current  that  will  excite  vtwa 
of  tiie  duration  i.  A,  /a  and  (9  are  constants,  whose  precise  form  and  significaixt- 
will  he  found  in  the  original  j>a}>or  and  in  that  by  Keith  Lucas  (1910,  pw  234).  It 
mtist  snt)iri>  to  siiy  that  encli  of  t^M'sc  eotistanUs  is  eoin}x>unded  of  other  COnstSQls 
to  wliich  a  definite  meaning  can  Ihj  attached.  They  are: — 
a,  the  distance  between  the  membranes, 
the  distance  from  the  membrane  at  which  t^e  concentratioii  chaqgss  ire 

IxMng  considered, 
the  diiriision  constant  of  the  ion  eon<  erTf»>d. 
t  ,  tlie  nuinlw  of  it>ns,  each  carrying  a  i,'i\en  quantity  (»f  electricity. 
C,  a  c(mutaut  expressing  tho  rate  of     recondii nation "  of  the  ions  in  th*? 
manner  referred  to  above ;  or,  as  Lucas  prefers  to  put  it^  the  ease  with 
which  the  propagateil  disturbance  is  set  up  in  a  particular  (xmdition. 
Lucas  shows  further  (1910)  how  tlie  various  constants  are  aflTected  hy  certain 
ehnnfres  r»f  eondition,  such  as  temperature  and  presence  of  <  alcium,  and  the  pirl 
played  l)y  each  in  the  process  of  excitation.    We  note  especially  tlie  changes  in 

C  and  in  k.  Now  ^  is  the  diffusion  time  of  the  ions  concerned  in  the  prooen^  sod 
&6  constant  B  of  the  simplified  equation  is  defined  by  Hill  as 


r 

Jbrs 


or  loff  ^*  -  -  . 
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so  that  a  oonveoieDt  measure  of     is  log  Q,   Lucas  calculates  the  value  of  log  B 

Or 

for  various  excikable  tissues  from  his  own  experimental  data,  to  which  reference 
will  Jx?  made  prpsently  Tt  jiuiy  be  noted  that,  in  all  probability,  tlii.^  quantity  is 
ossontially  the  wuiie  thin;;  a.s  Waller's  "characteristic."  Tn  fact,  any  eniisiderable 
a.lteration  in  the  sliape  of  the  curve  correlating  excitation  witii  stimulus  is  due  to 
changes  in  6!,  rinoe  X  and  are  not  so  riMcltly  affiooted,  as  may  be  seen  by  the 
consideration  of  what  tbey  mean.  « 

A  is  the  smallest  current  that  will  excite  at  all,  however  long  it  be  oonlinued 
If  t  becomes  very  large,  1  — bec'<)iiies  unity,  and  i  is  equal  to  X. 

/A  refers  only  to  the  distance  from  the  membrane  at  vUuch  the  change  of 
oonoentration  is  being  considered,  and  will  not  be  liable  to  important  changes. 

0  enters  into  A  but  not  into  ft  or  9* 

1  fear  that  this  neowsarilv  >>rit'f  account  gives  but  an  imperfMi  view  of  this  important 

work  ;  the  original  papen;  of  Hill  und  Lucan  should  be  consulted. 

There  is  another  point  to  which  a  hltle  iittention  roust  be  given.    The  fact,  that  on  closing 
a  current  through  a  nerve,  the  excitation  wave  ittarts  from  the  cathode  shows  that  the  oalioos 
are  the  important  agent«.    Ifow  then  is  the  fact  of  excitation  at  the  anode,  which  occurs  on 
breaking  the  circuit,  to  W  uxpkiued  7    It  m  pointed  out  by  Keith  Lucas  (1012,  p.  519)  that 
*'  the  une  feature  which  is  oommon  to  the  oatoode  when  the  current  is  made,  ami  the  anuda 
when  the  current  has  just  ceased  to  flow,  is  an  increase  of  the  concentration  of  cationn  altove 
Ihe  value  which  occurred  at  each  of  these  points  immediately  before."    At  the  anode,  however, 
the  concentration  of  cations  onlv  rises  to  its  normal  level  by  diffusion,  after  having  been 
decreased.    Nemst  ^k1  A.  V.  Hill  give  what  U  easeniiaUy  ihe  same  explanntion  on  the 
ground  of  the  *' combination  **  of  Ions  with  some  rahetanoe  in  the  nerve.    During  t  he  pa^mge 
of  the  current,  the  diminished  concentration  of  cjitiotiH  at  the  ano«I(.'  results  in  a  difletent 
eimilibrium  in  the  reversible  "  compound,"  or  adsorption^  between  tlie  ions  and  the  Assumed 
aobstanee.    When  the  current  ceases  to  flow,  there  is  a  sudden  ooneentratien  of  oatiom  in 
the  Rystem  in  excess  of  that  with  which  it  was  previously  in  equilibrium  ;  a  condition  which 
ia  the  same  as  that  at  the  cathode  when  the  Gorreot  is  first  established.    Thus  the  excitation 
at  ihe  anode  and  the  fultue  of  slowly  rising  carreots  to  exeite  ai^oer  to  depend  on  the  same 
comlif  i  n     It  will  be  clear  that  more  experimental  work  is  required  before  the  qveetion 
can  be  decided. 

A  wonl  is  |uMluips  Tiecessary  as  to  the  position  of  the  membranes  about  which 
have  Ixieu  speukmg.  There  is  no  evidence  of  the  existence  of  transverse 
membranes  and,  in  fact,  their  assumption  would  raise  considerable  difficulties.  It 
aeems  most  lOcdy  that  it  is  the  cell  membrane  covering  the  axis  cylinder  that  Is 
oonoerned.  Tins  axis  cylinder,  as  we  shall  se^  is  a  part  of  a  long  cell,  the 
"neurone,"  wliieli  includes  tlif  c<>ll  Ixxiy  with  its  nurlfti'^,  *'tf  !^<t n- tfiii  (1902), 
indeed,  put  forward  tlie  \  irw  that  this  siirfacr  membrane  is  tl»e  struotui-e  reapoosible 
for  the  electrical  phenoiucaa  of  nerve  and  muscle. 

As  already  pointed  out  in  Chapter  III.,  it  is  not  necessary  (o  suppose  that 
this  Mienibnine  is  in  the  form  of  a  distinct  film,  or  separate  phase,  which  eould  be 
picked  off.  Beinp;  formed  by  condensation  of  eoTiBtittients  present  in  »'itli('r  or 
both  of  the  t«o  phases,  cell  pi<»t«»plasm  and  surrounding  lifjuid,  of  which  it  is  tho 
contact  surface,  it  may  be  knjkrd  upon  as  belonging,  in  a  certain  sense,  to  both. 
We  may  notice  that  Btines  (1912,  p.  230)  comes  to  similar  oondnsions  in  explana- 
tion of  the  results  of  his  work  on  the  efieetof  ions  on  the  electrical  charge  of 
surfaces* 

Our  consideration  of  Nernst's  theory  of  excitation  may  ^>e  ^x'^^t  conoltrdetl  with 
the  words  tised  by  Keith  Liujvs  (1912,  p.  524):  "It  is  not  a  complettt  theory, 
ready  for  acceptance,  but  it  is  an  indispensable  guide  to  the  strengthening  of  our 
ezperimfmtal  d»t«,  aiid  so  to  the  ultimate  elaboration  of  a  hypothesis,  which  shall 
be  free  from  those  difficulties  which  are  at  prestnit  so  obvious."  The  nature  of  the 
1<M  al  •vxcitator}'  process  is  especially  in  need  of  fnrtli  r  investigation.  Tt  seems, 
howcvor,  from  wliat  has  aheady  been  done,  that  the  iiuai  solution  will  be  on  the 
lines  of  that  proptwHjd  by  Nernst. 

iSfmciufV  <^  iVsnwv. — ^Tbe  €sct  is  &miliar  that  some  nerve  fibres  are  encased  in 
a  sheath  of  consideraUe  thickness.  This  consists  chiefly  of  lecithin  and  similar 
lipoids,  containing  the  radicles  of  unsaturated  fatty  acids  and,  therefore,  staining 
with  osmic  acid.  The  function  of  this  "  medullarj^  sJieath  "  is  problematical.  It  is 
obviously  not  necessary  as  an  insulator,  since  many  nerve  fibres  are  devoid  of  it» 
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and  we  can  see,  hy  takin^;  sueh  a  case  as  that  of  the  superior  cervical  ganglion,  that 
the  non-me^iuUated  fibres  are  isolated  from  each  other.  Medullatefl  fibres  leave 
the  spinal  cord  and  proceed  to  this  gaoglioB,  where  they  form  juncti0iua» 
"  ffjrnapaes,"  with  ainoilier  set  cf  nenrooiefl,  wYixm  fibrat  «e  not  medDllAted.  In 
this  g^glion,  therefore,  noiKmediiUated  fibres  of  ▼arunie  functions  are  mixed  ■ 
together,  but  isolated  functioiuUly.  These  various  kinds  of  fibres  are  tmo- 
cohstrictors,  dilators  for  the  iris  and  nerves  to  the  •lifTV^rent  s<;cretory  glajuN. 

Even  if,  as  some  stnt^,  the  mu  ■  i  n llary  sheath  is  formed  hy  cells  indopeml«  iit  of  the 
neurone  itself,  it  must  have  an  intimate  conne<;tion  with  it,  since,  on  cutting  the  tkx'ia 

r"  ider  free  from  tliA  nucleated  cell  body  to  whieb  it  bdoDss,  the  mednllaay 
th  undergoes  degenerataon  along  with  the  axis  oyUnder.  Wlran  nerve  fibres 
regenerate  by  gn>winL''  out  again  ftoni  the  cells,  the  remains  of  the  <rfd  abestfas 
seem  to  act  as  guides  for  the  new  fibre.'^,  which  grow  down  into  Uiem. 

It  has  been  suggefit*''!  thnt  this  myelin  shenth  may  oerve  fi>-  a  oourw  of  tnitntj<»n  U>  the 
fibre.    It  ia  verv  duubiiul,  as  w«  have  seen,  whether  thuru  is  axiy  meiaUilism  in  the  uerv* 
rs^vire  food* 

After  treatment  with  fixing  rssgents,  the  contents  of  the  axis  cylinders  appear 
as  a  nnmber  of  filaments,  *'  neurthftbriU^**  as  they  have  been  called.  There  is  no 
actual  proKyf  of  their  presence  in  the  living  state,  and  they  arc,  in  aO  prohabilify, 
produced  by  the  action  r>f  the  reagents  uMd.  Mott  (1912)  finds  no  indication  of 
their  presence  in  the  living  nerve  cell. 

On  the  ctmtrary,  Carlson  (1911)  has  brought  forward  evidence  to  bIiow  that 
the  aids  cylinder  has  the  properties  of  a  liqmd,  just  as  protoplasm  in  general 
Certsin  animals,  such  as  the  slug,  exhibit  great  changes  in  their  length  ;  the  nerve 
fibres  must  ho  stretched  in  the  long  fi)i  ni  of  the  slug,  since  thev  arc  not  folded  up 
in  the  short«*n«xi  condition  of  the  animal.  Now,  Carlson  finds  that,  if  the  pedn! 
nerves  are  excited  close  to  the  pedal  ganglia  with  the  animal  artificially  stretciied 
and  (igain  when  nnstretched,  the  tune  which  elapses  befsro  the  root  muscle 
contracts  is  greater  in  tiie  former  case.  It  is  important  to  note  that  the  degree  of 
stretching  was  not  such  as  to  affect  the  excitability  of  the  nerve,  which  was  tested 
by  using  submaximal  stimuli,  and  the  same  height  of  contraction  found  in  both 
cases.  If  the  nerve  is  stretched  too  much  the  muscle  enters  into  contraction, 
and  also  the  extent  of  the  stret^^hing  was  abont  that  of  the  normal  crawling 
morements.  What  are  we  to  condude  from  the  result  obtained  t  It  is  evident 
that  the  nerve  itself  w<xs  actually  stretched  and  not  merely  uncoiled,  since  the 
latter  would  have  had  no  influence  on  the  time  of  conduction.  It  i.s  difficult  to 
understand  how  any  sukwitance  but  one  having  the  characters  of  n  liquid  could  be 
increased  in  length  without  showing  any  result  beyond  an  increase  in  time  of 
oondnction  proportional  to  the  increase  in'length.  Garlson,  in  fact,  shows  that  the 
rate  of  conduction  is  unaltered.  Since  increase  in  length  implies  decrease  in 
rlianieter,  the  result  indirati  K  that  the  rate  of  conduction  18  independent  of  the 
sectional  area  of  the  axis  cylinder. 

£hrenb«rg  showed  that  nerve  fibres  are  doubly  refracting,  and  the  fact  was  confirmed  by 
Ambrunn  and  Held,  (jdthlin  (1913)  finds  that  the  statement  applies  to  both  the  medullary 
sheath  atul  the  axis  cylinder.  That  of  the  latter  is  of  the  kirid  shown  by  protoins  And  is 
slight.  That  of  the  former  is  similar  to  that  of  Uqoid  orystals  oC  phoapbo-upinea.  Th«M 
crystals  are  arranged  in  a  radial  manner,  so  that  th^  pnnont  themaelves  In  a  diflar^nt  way 
(<)  u  boam  of  polariHSfJ  light,  thus  .•jh()wiiig  a  cross,  when  a  fil>re  i.s  ohserve<l  in  seotidn.  FtbCSi 
in  inverttibrates,  apparently  aOD-ueduliated,  show  a  sheath  to  polaristxl  light. 

The  Xntnn  of  th'  XeiTc  Impiisr  It  may  be  useful  to  collect  together  the 
evideiii  e  (tbtained  so  far  on  this  question. 

That  it  iii  a  reversible,  physico-chemical  process,  nut  a^^ociateil  with  loss  of 
material  on  account  of  metabolic  leactwos,  is  indicated  by  the  firilowtng  faotB 

Incapability  of  &tigue  under  normal  conditions. 

Absence  of  fonnation  of  heat. 

Absence  of  decrenient  in  wave. 

Low  temperature  cocthcient  of  rate  of  conduction. 

Ko  conclusive  evidence  of  metabolism  of  any  kind. 

On  the  other  hand,  the  existenoe  of  fatigue  in  the  absence  d  Qxygen  points  to 


Digitized  by  Google 


^EXCITATION  AND  INHIBITION  397 

•  mkiiinal  oonBumption  of  material  for  energy  purposes,  althou^^i  it  seems  to  me 
that  the  evidence  on  thia  que^ion  is  not  so  decisive  as  it  biiould  be,  and  that 
furtlier  investigation  u>  necessary  before  it  can  be  interpreted  in  the  sense  mentioned. 

A  distiiictioii  most  be  madflh  m  we  saw,  between  the  local  prooesB  at  the 
spot  excited,  a  process  wbiob  is  not  propagated,  and  the  propagated  disturbanoe 
set  up  when  the  former  exceeds  a  certain  rna<:^itudo.  A  stimulus  must,  therefore, 
posses  a  certain  minimal  amount  of  energy  in  order  to  excite,  and  it  seems  that 
this  is  i-equired  to  effect  the  local  change.  No  further  supply  of  energy  ap[H.>ars  to 
be  necessary  in  the  progress  of  the  wave  along  the  nerve  fibre.  In  the  natural 
oonneottoo  ol.  the  nerves  with  their  cell  bodies,  the  energy  required  to  atait  the 
initial  process  is,  no  doubt^  aaf^ied  by  the  cell  body,  in  which  ozidatum  processes 
of  9k  recogni.sable  (Ie<;ree  are  known  to  occur. 

'Hie  oonciitioiia  in  the  nerve  fibre  whicli  are  aj^i  ufntly  concerned  in  the  process 
are  the  polarisable  membranes,  of  colloidal  sirucLure,  and  electrolytes,  present  in 
the  complex,  liquid,  colloidal  system  of  the  axia  eylindiar. 

The  account  given  by  Macdonald  (1905,  pp.  331-550),  and  Lillie's  paper  (1916) 
OB  the  mode  of  propagation  in  nerve,  will  be  found  very  instructive. 

Althniiijh  the  evidence  seems  to  preponderate  on  the  side  of  tlie  pliysiecK 
chemical  theory,  it  must  not  be  forgotten  Uiat  certain  phenomena  arc  not  ea^y  to 
explain  on  thia  view.  Keith  Lucas  has  pointed  ont  that  the  propagation  of 
diatarbances  along  wiies  or  similar  channels  may  be  of  two  Idnda :  (1)  like  that  of 
eound  waves,  or  the  passage  of  an  electric  potential  difference  along  a  condenser 
sysUnn,  «n(:h  a.s  a  submarine  cable;  this  is  purely  physical,  and  does  not  involve 
priwi  action  of  energy  as  it  travels.  (2)  A  chemical  system,  such  as  a  train  of 
gunpowder.  In  this  case,  energy  is  evolved  as  the  disturbance  is  transferred  from 
one  point  to  another,  aiid  prodvota  of  change  are  given  off.  Kow,  Adrian's 
results,  showing  that  a  disturbance  recovers  its  magnitude  in  a  normal  region, 
aft«r  having  been  reducecl  in  a  narcotised  one,  suggest  a  prrx-ess  more  like  the 
sec'ond  one.  If  a  sound  wave,  for  example,  is  1 1  i!utte<l  in  ma^'nitude  by  passing 
tiii-ough  a  i-^iou  xu  which  sound  is  conducted  badly,  i^^'  cotton  wool,  the  energy 
of  ita  vibration  is  diminished,  and  therp  is  nofching  to  morease  it  again  when  it 
retuma  to  a  mediom  conducting  well.  On  the  other  hand,  if  the  train  of  gun* 
powder  be  made  very  narrow  at  one  part,  so  that  tlie  enrrc^v  of  the  disturlmnce 
is  much  less  as  it  tra^'p^M»s  tliis  part,  the  original  energy  is  regaine<l  when  the 
dinifn*ii^HH  of  the  train  become  similar  to  what  they  were  originally.  As  long  as 
the  disturbanoe  passea  through  the  narrowed  part  1^  all,  the  original  magnitude  it 
veasined  in  the  normal  part.  Of  course,  the  process  in  nerve  cannot  be  regarded 
as  oeing  so  simple  as  this ;  there  are  evidently  physico-chemical  process^  connected 
with  the  movement  of  ions  ?ind  the  presence  of  semi  permeable  membl•ano^,  and 
we  are  at  present  in  the  dark  to  the  way  a  reaction  associated  wit^  the  giving 
oil  of  cheudcal  energy  comes  into  relation  with  the  former.  It  is  evident,  however, 
that  if,  in  excitation,  the  membrane  ceaaes  to  be  semipermeable,  so  that  the 
internal  electrolytes  diffuse  out,  some  supply  of  energy  may  be  necessary  in  Older 
to  natore  the  original  state  of  the  system  (see  Lucas,  1917,  pp.  23-27). 

THE  PROCESS  OF  EXCITATION  IN  MUSCLE 

The  chief  fuiiction  of  the  tissue  known  as  muscular  is  that  of  producinL'  move- 
ments by  shortt  riiitu'  or  change  of  tension.  This  aspect  of  its  activity  will  be  con- 
sidered in  the  next  cliapter. 

Regarded  as  excitable  tissues,  muscles  show  very  much  the  same  chanu^r- 
istics  as  nerves.  They  can  be  set  into  activity  by  the  direct  application  of  a 
stimulus,  which  sets  up  a  wave  of  excitation,  which  travels  at  a  slower  late 
than  that  in  nerve. 

The  Refractory  Period  is  longer  than  in  nerve,  and  can  be  particularly  well 
seen  in  the  muscle  of  the  heart. 

Muscle  shows  the  "all  or  none "  phenomenon,  as  shown  especially  by  the  work 
of  Keith  Lucas  (1909)  and  that  of  Pratt  and  Eisenberger  (1919). 

There  is  an  electrical  change  similar  to  th&t  in  nerve. 
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In  thp  state  of  excitation  there  is  evidence  of  incretued  permeahility  of  the 
muscle  cell,  evidence  of  a  more  direct  nature  than  in  the  case  of  nerve.  The 
observations  of  Lillie  (1911)  on  the  larva  of  Arenicola  have  been  already  referred 
to  (parses  138  aod  139).  Some  experiments  in  which  sabstonoes  saeh  as  bile  saltan 
aaprjnin,  and  sodium  oleatOp  whiim  are  known  to  make  the  cell  membrane  por- 
meahle,  were  found  to  cause  quick,  vigorous  twitohes  ol  frog's  muscle,  are 
reported  in  the  Siime  paper. 

Tlie  same  fact  is  ahown  by  the  increased  electrical  conductiviUr  of  striated 
muscle  in  a  stoto  of  excitation,  as  in  the  experiments  of  MOIendon  (1912,  2).  Tbis 
means  that  the  inetnbrane  becomes  permeable  to  ions  to  which  it  was  impermeable 
while  unexcited.  The  state  of  polarisation,  in  other  words,  ceases  to  exist.  In 
<]^eneral,  tlie  remarks  made  above  witli  respect  to  the  similar  change  in  nerve  npfdj 
also  to  tiium;le. 

A  further  fact  which  indicates  increased  permeability  is  that  Imind  by  Siebeck 
(1913).  Potassium  chloride  enters  more  rapidly  into  excited  musdea  than  into 
resting  ones. 

If  tho  ohsflge  of  semipcrmeability  into  permeability  18  rasential  to  the  Mt  of  rxt  itation,  it 
will  reiuiily  he  that,  while  this  atale  lastj),  there  will  l>e  a  "refractory  periud."  Tlif^re  }« 
evidence  abu  that  tliu  duration  nf  tho  electrical  change  coincides  very  closely  with  ih^t  of 
tho  refractory  fttate,  as  would  <  ipected  to  be  the  caao  if  this  electrical  change  were  dae> 
to  tho  disappearance  of  the  state  ot  impermeability  to  the  iooB  of  oob  sign  of  «Iiai^,  with  the 
conaetjucut  dc{K>larisation  At  tho  membnme. 

In  muscle,  however,  we  find  an  additional  fartor,  that  of  contraction,  hj  whirh 
energy  is  given  out.  Along  with  this,  phenomena  are  yhowu  by  umttclo  which 
nerve  does  not  show.  The&e  will  be  treated  of  more  folly  in  the  next  chapter ; 
but  there  are  four  pn>perties  of  muscle  which  are  connected  with  this  fiMtor  that 
diould  be  mentioned  here.  They  are  latent  period,  metabolism,  heat  prodncfeion^ 
and  fatifj;ue. 

Lnf>'ut  Period.— Tim  state  of  ex<-it-"ition  indiciited  by  the  elet-trical  (  hange, 
coaiiiiuuce^  at  such  a  short  interval  after  the  application  ot  a  stimulus,  that  it  is 
difficult  to  be  certain  that  they  are  not  simulUneous.  There  is,  on  the  oontwy, 
an  interval  which  can  easily  be  measured  before  the  state  of  contraction  bqpna. 
If  the  electrical  change  were  unknown,  it  would  appear  that  nothing  was  taking 
place  in  the  latent  period  before  contniction. 

It  appeurH,  then,  that  tliere  is,  in  muscle,  an  extra  mechanism  ^iuperadded 
to  the  simple  excitation  process,  namely,  that  giving  rise  to  the  ccmtractile  effect. 

There  is  direct  evidence  that  the  propagated  disturbance^  with  its  electrioal 
change^  can  continue  in  muscle  which  has  been  treated  in  such  a  manner  as  to 
show  no  trace  of  contra<'tif)n.  Hiirtl's  ••vjM»rini«'r!ts  hi-o  thi*  ino^^t  fv»fi\  iiu  in-^.  Tf 
a  part  of  a  muscle  be  immerse*!  in  <iistilk'd  water,  it  will  be  found  to  1h'  itu  apHbh' 
of  contraction  when  stimulated,  although  this  waterlogged  part  will  stiil  conduct 
a  disturbance  to  the  normal  part  Novons  (1 908  and  1910)  kaa  shown  that 
certain  drugs  will  abolish  tlie  beats  ol  the  heart  of  the  frog  and  tortoise,  whfle 
leaving  the  electrical  chani^e  still  strong.  And  Minef?  (1912,  2)  has  shown  that 
vk^'lctHl  !nns<  l.'s  of  the  ray,  treut4'd  with  a  dilute  solution  of  ether,  con)pletely  lose 
tijcir  jMJwer  ot  rontractile  resptinse  to  strong  electrical  stimuli,  while  rf«taining  that 
to  acid,  alkali,  or  potassium  sidts.  Presumably,  the  loss  to  electric  stimuli  was  due 
to  &ilui«  of  conduction  of  a  propagated  disturbance.  In  the  same  paper,  Ifinea 
referH  to  bis  observations  that  tlie  conduction  of  the  excitation  process  in  heart 
muscle  is  n  i  t  sted  by  trivalent  cations,  whereas  the  contractile  process  is  not  so 
aiTectod  (.sec  Fig.  172  lx?low). 

Owing  to  Uto  fact  that  thi.s  contractile  process  is  one  attended  with  the 
performance  of  external  work,  we  find  phenomena  not  present  in  nerve^coa- 
sumption  of  oxygen,  giving  off  carbon  dioxide,  production  of  heat,  fatigue,  aod  ao 
on,  all  of  which  belong  to  the  subject  ijf  lli.-  next  chapter 

Tn  order,  however,  to  throw  light  on  tli*':  process  of  inlnliit  u»n,  it  is  ntx^e^s-irv 
to  make  uue  of  the  states  of  contraction  ami  relaxation  as  indications  of  what  baa 
happened. 

We  have  already  seen  that  there  is  a  distinction  between  striated,  skelelala 
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**  voluntary  "  muscles,  with  their  rapid  oontractioD,  and  the  emooth,  "inv<Jimtary  " 
muscles  of  the  viBoera  and  blood  iresselB^  with  their  slow  rate  of  contraction. 
Tbe  latter  an^  in  their  natural,  unstimulated  condition,  in  a  Btate  of  partial 

contrnotion,  so  that  t  w<»  sets  of  h»m  v»'s  nro  required,  one  set  to  increase  the 
activity,  which  may  therefore       calliHi  "excitatory,"  the  other  .set  to  decrease 
it,       inhibitory "  nerves.    The  voluntary,  skeletal  uiuscles  are,  it'  unstimulated, 
completely  at  rest   They  are  supplied  with  one  set  of  nerves  only,  those  causing 
excitation,  the  other  bemg  needless.    If  continued  tonic  contraction  is  required, 
it  must  be  kept  up  by  pontinue<I  innrrvntion  frftin  tlie  nerve  centres ;  so  that, 
to  inliibit  this  state  of  contraction,  intluence.s  must  Ix'  brought  to  bear  on  the 
nerve  centres  themselves  to  stop  their  activity.    It  is  unnecessai-y  to  femark  that 
the  exdtalory  and  inhlbitofy  oenties  of  tbe  smooth  muscles  are  also  liable  to 
nmilap  excituig  and  inhibiting  influences.    There  are,  then,  at  lesst  two  kinds 
of  inhibition,  one  exercised  on  muscle  itaolf  directly,  the  other  on  nerve  cells, 
w^iori   tliese  are  iti  a  st^ite  <jf  activity.    Again,  the  iiiliil-itory  nerves  of  8mof»th 
lunsflo  arise  from  centres  in  the  nervous  system,  ami  tiiese  centres,  if  in  a  state 
Kit  uetivity,  can  be  inhibited  by  the  play  upon  them  of  nerve  impulses  from  other 
aoarces.   We  have  thus,  in  Sherrington's  phrase,  an  "inhibition  of  inhibition," 
thafc  is  a  central  inhibition  of  nerve  activity  which  was  producing  inhibition  in 
pnriph<*ial  organs.    We  shall  finrl  evidence  of  the  actual  occurrence  of  this 
phenomenon  in  the  case  of  vasomotor  retlexes. 

OTHKK   KXCTTABLE  SUBSTANCES 

The  two  excitable  substiinces  already  di.scu.s.sed,  muscle  and  nerve,  are  not 
the  only  members  of  the  class.  It  might  be  supposed  tliat  a  nerve  acting  on  a 
maade  meiely  formed  some  kind  of  direct  connection  therewith,  but  a  simple 
experiment  shows  that  tliere  is  something  betwem  thm,  itself  an  excitable 
subetanoe.  ■ 

Lt-t  us  take  two  nerve-muscle  preparations  aiul  Brmtigc  thu  nerves  of  U  tti  riii  similar 
electrodes  in  series  in  the  same  circuit,  so  that  they  can  be  ^j^itcd  with  the  sante  tttrength  of 
stimulus.  On  the  one  nerv«i,  between  the  seat  of  excitation  aSd  the  muscle,  we  place  a  pair  of 
n <r in  polarisahle  electrodes,  thr  n^'li  which  we  send  a  galvanic  current  of  sufficient  Btren^'th  to 
block  the  nerve  impulses  on  tins  side.  Both  nerves  are  thus  excited,  one  muscle  only.  After  a 
tiMie,  the  muscle  becomes  fatigued  and  ceases  to  reHpond.  At  this  moment,  tbe  gelvanio 
current  causing  the  block  is  tut  off ;  the  muscle  on  this  side  goes  into  totanns.  In  thi^  way, 
it  ia  seen  that  the  fatigue  was  nut  localised  in  the  nerve  trunk.  The  next  step  is  to  apply 
eleotrodefl  directly  to  the  muscle  M'hich  had  ceased  contracting  ;  it  is  found  to  be  able  to  l  espxid 
vigdrmiHly.  So  that  the  xml  r  f'  f >  f'n f iyue  is  not  in  the  HctMnl  eontrftetile  sulititiinee  of  (he 
muHcle.  The  unavoidable  conuiuiiion  is  that  there  is  some  intermediate  substance,  more  easily 
faiigned  than  either  nerve  or  mueele. 

The  action  of  the  arrow^  poison,  nirare,  affords  similar  evidemse.   If  the  nerve 

only  is  immersed  in  a  solution  of  this  drug,  it  is  not  paralysed.  If  the  muscle  is 
immersed,  excitation  of  the  nerve  has  no  effe<'<  upon  it ;  hut  it  is  not  because  the 
muscle  itself  is  paralysed,  since  placing  the  electrodes  on  it  produces  contraction. 

Under  tlie  microscope,  there  is  to  be  seen,  where  the  nerve  enters  the  muscle 
fibre»  or  rather  comes  into  connection  with  it,  what  appears  to  be  a  specialised 
structure,  tlie  "  end  piate " ;  but  that  this  is  not  the  Bubetance  for  which  we  are 
seekinj^  i??  (h  arly  shown  in  several  ways.  Aclrenaline,  as  we  shall  see  in  more 
detail  in  Chapter  XXTV.,  is  a  secretory  product  of  the  suprarenal  IxMlio.s  and 
has  the  property  of  exciting  organs  supplied  by  Nynt}.>athetic  nerves,  an*!  in 
precisely  the  same  way  as  excitatioo  of  th^  nervea  themsdves.  When,  thmrefoie, 
it  is  applied  to  arteries  innervated  by  vaso-constrictor  nerves  from  the  sympathetic, 
tlH  S('  aitf>ries  cnntruct.  On  the  other  hand,  if  applied  to  arteries  not  supplied 
by  sympathetic  vaso-con.strietor  ner\es,  no  contraction  results.  It  does  not, 
accordingly,  produce  its  effect  by  direct  action  on  the  muscle  cells.  If  Uie  nerves 
are  cut  ami  allowed  to  degenerate,  the  constrictor  effect  of  adrenaline  is  un- 
diminished.  Now  there  is  every  reason  to  believe  that  the  visible  nerve  endings 
in  muaele  degenerate  with  the  nerve  fibre. 

I^ingley  (M>06,  p.  170)  fimlH  thtit  the  im  i  vi  «  !i(lini,'s  on  the  Hnrtorius  muscle  of  the  frog 
disappear  m  six  weeks  alter  section  ot  the  nerve  to  the  muscle.    There  is,  moreover,  uu 
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kistological  evidenoo  of  aDV  ilitF^reuce  between  the  tibrtM^  in  the  truuk  of  the  nerve  ajid 
their  endings  on  the  niusole.  It  is  evident  tliat  tlie  internediftte  eabetaiiee,  on  i^ieb 
adrenaline  acts,  lies  on  the  nuisde  side  of  the  place  of  entiy  of  tlie  nerve  fibre.  Elliott 

^H:ak8  of  it  as  the     myo  neural "  junotioo  (I90<5,  p.  436). 

Further  light  is  thrown  on  tlie  question  by  Langley's  work  on  the  antagonism 
between  nicotine  and  euran*  (19(16).  Nicotine,  in  fa?rlv  1nr«,'c  doses,  act,s  IIV- 
curare  in  preventing  excitation  of  a  motor  nerve  from  reuciiiug  tiie  conti^-Uk 
substance  of  the  inuwle.  In  the  fowl,  10  to  18  mg.  eufGoes.  The  flnt  eflbet  of  the 
injection  ia  to  cause  contnietion  of  the  muscles ;  but  the  renuurkable  thing  ia,  that, 
alter  a  dose  which  paralyses  the  nerve  actioD»  direct  application  of  the  drug  t^*  th> 
Diuscle  itself  still  catisea  tonic  contraction.  Furtlior,  this  rfToct  is  abolisht*^!  In 
curare.  There  is,  in  fact,  a  quantitative  antAs^^jnusiu  l>etwwii  the  two  substauoea. 
If  nicotine  be  given  after  a  doue  of  curare  sutlicienl  to  paralyse  the  eilect  of  nerve 
atinraUtion,  a  tonie  contraction  ia  caoaed.  Repeated  doaea  of  nicotine  finaUy 
paralyse  the  structurea  at  first  excited  by  it,  although  the  muscle  is  still  excitable 
to  eloctrit  al  stimulation ;  this  is  a  further  proof  of  some  internio<liatc  substance. 
As  we  have  seen,  curare  acts  on  something  on  the  muscle  side  of  tlie  nerve  endinj 
and  nicotine  must  also  act  on  the  same  substance.  This  constituent  of  the  neun> 
muacalar  aystem,  wbioh  ia  not  the  contractile  anbstanoe  of  the  muaole  nor  the 
excitable  aubatanco  of  the  nerve^  ia  called  by  Langley  the  reeepiwe  wubtlmiceJ' 
It  receives  the  stimulus  from  the  nerve  and  tranamita  it  to  the  contnotik 
mechanism  of  the  mus<«le. 

We  may  now  consider  the  evidence  brought  by  Keith  Lucas  from  a  different 
point  of  view.  In  making  experiments  on  tlie  excitation  of  muscles  with  condenser 
diachargea  to  find  the  constant  called  by  Waller  the  ''charaeteriatic,"  Lneai 
(1 906,  1)  found  that  there  were  two  distinct  optima]  atimnlt,  in  one  of  whidb  the  rst« 
of  incidence  is  represented  by  37  to  63  and  in  another  of  which  it  is  represent*xl  by 
1,780  to  19,300.  After  moderate  doses  of  curare,  these  aie  b<jth  left  preseot, 
although  that  with  the  higher  optimal  rate  of  incidence  of  energy  shows  signs  of 
abolition,  which  ia  complete  with  large  doaea.  It  appears  that  we  have  to  do  with 
something  analogoua  to  Langley'a  receptive  anbstanoe  or  EKiott'a  rajro^neeiil 
Junction. 

In  further  investi«^ation,  Lucas  (1906,  2)  found  that  the  end  of  the  sartorius 
muscle  which  is  free  from  nerves  shows  only  one  optimum,  represented  by  20  to  36. 
The  trunk  of  the  adatic  nerve  alao  has  an  optimal  represented  by  4 1  to  38S 
only.  Muscle  fibre,  free  from  nerve  endings,  baa,  therefore,  an  excitable  aubatanee 
(a)  of  low  optimal  rate.  The  nerve  trunk  has  one  (y)  of  slightly  higher  value.  In 
the  middle  of  the  sartorius  there  are  at  least  two,  detectable  by  the  us<*  of  Xh" 
condenser  ;  there  is  the  nmscle  itself  as  above  (a)  and  another  {fi)  of  an  extr*eint  ly 
high  optimal  stimulus,  on  the  muscle  side  of  the  curare  block.  In  later  work 
(1906,  3  and  1007, 1)  it  was  found  better  to  uae  eurrenta  of  varying  strengths  and 
durations  in  place  of  the  condenser  discharges,  and  curvea  were  drawn  correlating 
the  current  strensrth  ju.st  suflScient  f'l  excite  with  the  eurrent  duration.  In  this 
way,  the  three  8ul>staiices  above  mentioned  were  ft)und  in  t!ie  middle  region  of  the 
sartorius.  The  current  strength  used  was,  in  ail  expcruuents,  such  that  its 
neceaaaiy  duration  never  exceeded  0-02  aeeond. 

It  waa  pointed  out  above  (page  894)  that  the  logarithm  cl  the  oonataot  $  id  HiU^ 

•    •     •  ib 
modified  Nemst  formula  of  excitation  is  a  function  of  —.which  is  itself  a  measufv 

of  tlie  rate  at  which  the  difi\isinn  of  the  ions  concerned  in  e.\ritati<m  takes  place. 
It  is  natural  to  sup|)ose  that  tlie  rate  of  incidence  of  energy  in  the  optimal 
athnolitt  will  be  related  to  this  factor,  and  Keith  Lucaa  cakulatea  (1910,  p.  340) 
the  valnea  of  log  6  for  varioua  excitable  subatanoea  aa  followa : — 

Substance /E^  of  sartorius  .  >         .  .  2 

Motor  nerve  films  _  _  ,  ,  0*3 

Muscle  fibre  of  sartorius    -  0*07 

Ventricular  nmscle  of  heart  -  •  0*0005 

These  are  arranged  in  order  of  rate  of  difiusioii  of  ions.  Gompare  these  with 
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values  of  the  enrronl  durafcums  at  which  the  oarrent  strength  resdiee  its  amslteat 
^neSy  that     the  opfeiiiiBl  rate  of  incidence  of  stimulus :  we  hsTS : — 

Stthetsnce  jsr       ....  OOOOS-eeoond 

Nerve  fibre  ....  OOOS  „ 

Muscle  fibre  of  sar  torius   -  -  -  0*02  „ 

"Ventricular  nuisclp  ...  2'00  seconds 

Some  iDt«reiil.iu|j;  ooncluaions  are  drawn  by  Keilh  Lucas  from  these  figures.  If  the  iuna 
ooooerned  in  tbe  exeitstovy  prooMW  wen  the  simple  inurganic  ones,  K',  Ck",  01',  ete.,  the 
vari  itinriH  in  fvitj;  ctjiitd  not  Bicerd  l<i  to  I,  whcmis  Ix'tsveen  sub^twm  r  ?  ui  l  v  entricular  muscle 
there  is  a  raltu  of  4,0iiU  to  1.  Tiie  touiiieraturc  coetlicieiit  is  also  higher  than  that  fur  a  simple 
iooie'velooity.  Similarly,  when  the  csfeinm  of  the  lUogerVi  idlatioa  is  re|daoed  by  «a  iaotenio 
amount  of  sfxJium,  the  value  representing  the  rate  of  movement  of  the  ions  in  excitation  (i") 
decrea»eii  teu  timos,  whereas  the  ratio  of  t^e  velocities  of  Na*  to  Ua"  is  as  44  to  53  only.  There 
U  evidently  some  l^tor  nofc  aa  yet  completely  aoooniited  for,  and  the  qneitioii  raqnizea  further 
investigatftm. 

XApioque,  who  has  worked  out  the  theory  of  electrical  excitation  and  come 
to  certain  conclusions  similar  to  those  of  Lucas,  but  without  arriving  at  a 
mathematical  form  of  hi.s  liy}x>thesis,  has  iiuuie  a  hydrodynaniic  iiiodel  (li)09)  on 
which  many  of  the  facts  can  be  tieiitunhtraled ;  the  movement  of  ion^  is  imitated 
bjr  that  of  water.  Lapicque  haa  introduced  a  constant  which  he  calls  ''chroDaade^** 
relating  to  the  rate  of  movement  of  the  ions  concerned  in  oxcitatiOD,  wbidh. 
constant  is  of  siimMnr  sij^iifiianc<'  to  Waller's  "characteristic"  and  tlie  logarithm 
of  the  constant  ^  ot  Hill':  tiioflififil  Ncrnst  formula.  Lapicque  and  Legeudre  (1913) 
find  that  there  is  a  relatiouhiiip  between  this  rate  of  movement  and  the  diameter 
of  the  various  nerve  flhres  in  the  same  animaL  Tlie  larger  the  fibre,  the  fuler 
the  movement.  Thus  the  chronazie,  which  ia  the  redprood  of  Uie  rate,  is  0*0003 
second  in  the  esse  of  tiie  motor  nerve  to  the  gastrocnemius,  whose  fibres  have  a 
diameter  of  0*02  mm.  and  0*02  second  in  thf  iimtor  fibres  t^t  the  stomach,  with 
a  diameter  of  0  002  mm.  It  might,  perhaps,  be  expHKnl  that  the  rate  of 
movement  would  be  greater  iu  a  large  fibre,  if  Uic  ions  in  the  middle  have  to 
reach  the  memhrane  on  the  outside  of  the  axis  cylinder  in  the  same  time  as  those 
in  a  small  fibre.  But  this  is  purely  hypothetical.  W.  W.  Waller  (1914)  finds 
that  the  optimal  time  value  (Lapicque's  "chronaxie")  for  excitation  of  sudo-motor 
nervo.*^  is  ten  times  that  for  motor  nerves  to  muscle. 

Mode  of  Connection  hetuxen  Nerve  arid  Mtutcie. — 'ihc  balance  of  evidence  ia 
decidedly  in  favour  of  the  view  that  there  is  merely  close  contact  at  thtf  end-plate 
of  the  nerve ;  there  is^  afqparenUy,  no  continuity  of  cell  substance^  but  a  membrane 
is  interposed.  When  a  nerve  fibre  degenerates,  the  process  does  not  proceed 
beyond  the  end-plate.  There  is,  no  doubt,  in  excitation,  a  change  at  this 
"synaptic  "  nieuibrane,  by  which  the  transfer  takes  place.  The  receptive  substance 
of  J.Augley  must  be  supposed  to  lie  on  the  muscle  side  of  the  membrane  and  be 
confined  to  the  region  in  tiie  neighbourhood  of  tiie  connection  with  the  nerve 
fibre.  It  is  not  neeofsary  to  regard  this  substance  as  a  constituent  radicle  of  the 
protoplasim'c  "  mokn^ule  "  of  the  muscle  cell. 

As  we  shall  .see  later,  a  .«?imilftr  problem  arises  as  to  the  transmission  of 
excitation  from  the  branches  of  one  nerve  cell,  or  neurone,  to  the  cell  body  of 
aaother.  We  aUiU  find  that  Sherrington's  conception  of  a  **  synaptic  membrane  " 
is  most  in  accordance  with  experimental  facts. 

INHIBITION 

The  name  is  .ipjilied  to  any  process  by  which  an  action  in  progress  is  stopped 
by  the  application  of  some  influence  from  without.  <  It  is  not  used  when  a  procese, 
soch  as  a  nerve  impulse  or  a  muscular  contraction,  excited  by  a  momentary 
stimulus,  runs  a  definite  time  crmrse  and  then  ceases  spontaneously. 

The  result  itself  can  evidently  be  brought  about  in  different  ways,  according 
to  the  pnrficnhir  mechanisms  invf)lved ;  so  that  it  rlo<>K  not  seem  correct  to  speak 
of  a  general  tiieory  of  inhibition.  Consider  a  smootii  muscle  cell  in  a  state  oi 
natural  toQua  ;  e](citatioii  of  a  certain  nerve  fibre,  connected  to  this  cell,  puts 
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an  end  to  the  contractile  process  and  the  muscle  cell  relaxes.  A  nerve  cell  may 
be  in  a  state  of  excitation  due  to  changes  within  itself,  perhaps  brought  about 
by  cheuiical  influence  outside,  but  the  effect  u{)on  it  of  stimulation  of  a  certain 
nerve  fibre  may  be  to  quell  the  state  of  excitation  or  to  make  it  inaccessible 
to  the  action  of  the  chemical  stimulant  Suppase,  however,  that  the  state  of 
excitation  is  brought  al)out  by  the  reception  of  continuous  stimuli  brought  in 
by  nerve  fibres  making  synaptic  junctions  with  the  cell  in  question.  It  is  clear 
that  the  excitatory  state  of  the  cell  could  be  abolished  by  making  the  synaptic 


Fio.  109.    Pi-Excs  or  NKR^'TO  aroumd  a  smalt,  artkrt  nr  thk  splkkn,   Oolgi'«  method 

a,  Art«ry,  siirrounilMl  by  hranchwl  nerve  flbrea,  which  end  (re*ly. 
V,  Nerve  from  which  the  plexuit  arise^i. 

r.  Pulp  aulmtanr«.   Ttie  brood  white  ■^yar^  around  the  artery  is  the  Molpighi-ui  Bubfltonce.    In  places  nerve  flbrc* 
are  seen  paiisiai;  to  the  pulp. 

(Rt'tzius,  IS92,  Taf.  XXI.,  Fig.  1.) 

membrane,  of  which  we  spoke  alxive,  impenyicable  to  the  excitatory  process 
arriving  by  the  nerve  fibres  ;  in  other  woixls,  a  block  might  lx»  pro<Iuce<I.  In  the 
case  of  the  nerve  cell,  then-fore,  at  least  two  different  modes  of  inliibiti<»n  are 
possible  :  the  influences  exciting  it  umy  bo  cut  off,  or  the  cell  itself  made  incapable 
of  re^sponding  to  them,  although  they  may  be  duly  received.  As  another  instance, 
we  might  take  the  ventricular  muscle  of  the  heart.  It  is  conceivable  that  its 
natural  Ijeats  might  be  8toppe<i  in  several  ways.  The  muscle  it*^lf  might  be  mmle 
temporarily  inexcitable,  the  rhythmic  stimuli  coming  from  the  auricle  might  be 
prevented  from  rtviching  the  ventricle  by  the  priwluction  of  a  block  on  their 
course,  or  the  contractile  niechaniMui  alone  might  be  put  out  of  gear,  leaving 
the  excitatory  pro<"Pss  intact,  and  so  on. 
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It  is  unnecessary  to  state  that  an  actual  destructive  process  is  not  spoken  of  as  ao 
inhibition.  The  po«8ibility 
of  return  to  the  normal  stiite, 
capable  of  aguiu  entering  into 
a  condition  of  excitation,  is 
essential.  In  gome  cases, 
however,  it  may  happen  that 
a  vicious  circle  is  established, 
so  that  the  normal  state  does 
not  return,  ai<  we  shall  m« 
later. 

As  a  general  state- 
ment it  may  he  taken 
that  the  priK-esses  at  the 
baf>i£>  of  inhibition  are  of 
an  opposite  kind  to  those 
at  the  ba8ii<  of  excitation, 
so  that  the  explanation  of 
the  one  is  involved  in 
that  of  the  other.  If 
there  is  an  increase  of 
permeability  in  excita- 
tion, a  decrease  is  to  be 
expected  in  inhibition,  for 
example.  It  will  be 
found,  however,  that  the 
definite  knowledge  we 
possess  of  the  nature  of 
the  inhibitory  process  is 
still  moro  defective  than 
that  of  the  excitatory 
process,  so  that  all  facts 
l)earing  on  the  question 
are  of  value. 

To  obtain  a 
view  of  the  kind 


Fio.  110.    ErFECT  ON  THE  vrasKia  or  the  tonodb  of  thb 

Don  OF  BTIMULATIO?*  OF  THE  VASO-CONSTRICTOB  AND  OF 
TUB  VASO  DILATOR  NKRVFA 

i:i>P*r  cune— volume  of  the  ton>rue.  obUined  by  a  plethywriofrraph.  ao 
that  a  fall  mean?  dwreafw  of  volume,  due  to  ooiwtriotion  of  arteriole* 
ollowinK  a  mnaller  autuunt  of  bloo<l  to  be  present ;  and  vice  ver*» 
when  ttie  curve  rises. 
Lower  oirve— general  arterial  pr«*iwure,  showlnjf  that  the  chanfres  in  the 
ton(ru«  Arc  not  ^  changes  in  the  pressure  at  wbtcli  the  blood  is 
supplied  to  it. 

Upper  of  the  two  lines— siirnal,  markinir  at  the  first  rise,  stimulation  of  the 

peripheral  en<l  of  the  cervi«*l  svnipalhetic  nerve,  which  supplies  va»io- 
oonnlrii  tor  fibres  ;  at  iU  secoml  ri*e.  that  of  the  (leripheral  end  of  the 
linifual  nerve,  which  contains  the  va-tonlilator  fibres. 
Bottom  line— time  in  ten-second  intervals. 


general 
of  fat:t8 


to  be  explained,  some 

useful. 


Fin.   111.     Traciko  from  rrtbactob  penis 

MUSCLE  of  the  DOn. 

The  fall  in  the  curve  is  produced  by  leDfrtheninf;  of  the 
muscle,  broujfht  altout  by  stimulation  of  the  pelvic 
nerve,  which  inhibits  the  spontaneous  tonic  state. 

The  rise  is  contraction,  due  to  stinmlation  of  the  pudic  nerve, 
which  increases  the  decree  of  the  tonic  contraction. 


(Bay lias  and  Starling.) 


experimental  cases  will  be 
They  will  also  serve  to 
indicate  the  different  kinds  of  in- 
hibition to  which  reference  was 
made  above. 

Smooth  M^iscle. — We  have 
already  .seen  how  the  intestine  shows 
a  .series  of  rhythmic  contractions, 
superposed  on  a  background  of 
minlerate  tonic  contrm'tion,  and  how 
these  contractions  and  tone  can  be 
reduced  by  the  splanchnic  nerves 
and  increased  by  the  vagus  nerves 
(see  Figs.  96  and  97,  page  309). 
Since  the  excitation  of  the  spon- 
taneous contractions  proceeds  froip 
the  nmscle  itself,  the  action  of  the 
inhibiting  and  exciting  nerves  is 
exercised  on  the  muscle  cells  directly. 

In  other  cases,  as  the  mu.scular 
coat  of  the  arterioles,  there  is  no 
evidence  that  the  plexus  of  nerve 
fiV)res  supplying  the  contractile  cells 
contains  nerve  cells  (see  Fig.  109), 
so  that  the  state  of  tonic  contraction 


is  clearly  inherent  in  the  muscle  itself.    It  can  be  increased  by  nerves  called  vaso- 
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constrictor,  or  diminished  by  those  called  vaso-dilator.  Fig.  110  shows  the  fact  in 
the  case  of  the  tongue.  Stimulation  of  the  sympathetic  nerve  causes  contraction 
of  the  small  arteries  and  therefore  decrease  of  the  volume  of  blood  in  the  organ ; 
that  of  the  lingual  nerve,  wiiich  contains  the  vasodilator  fibres,  causes  increase  of 
volume.    We  have  already  met  with  another  instance  in  the  salivary  glands. 

The  muscle  calle<l  retractor  peniti,"  present  in  certain  animals,  is  a  strip  erf 
smooth  muscle  arising  fn)m  the  anterior  caudal  vertebne  and  inserted  iutu  the 
glans  penis.  It  forms  a  very  convenient  object  for  tjie  investigation  of  tlia 
properties  of  smooth  muscle.  Fig.  Ill  is  a  tracing  obtained  in  some  work 
(hitherto  unpublished)  in  which  Starling  and  myself  were  engaged.  It  is  .seen  tliat 
the  initial  state  of  the  muscle  is  one  of  moderate  tonic  contraction,  since  it  can  be 
relaxed  by  the  stimulation  of  the  pelvic  autonomic  nerves,  and  it  can  also  be 
increased  by  stimulation  of  fibres  contained  in  the  pudic  nerves. 

AnoUier  instructive  case  is  that  of  the  large  yincers  of  the  Crayjiah,    There  is 


Fio.  112.    Innkrvaticn  or  the  claw  muscles  or  the  crayfisu,  aocordino  to  thb 

OF  RiCHET,  BiKDKRMANN,  Manuold,  ktc. — The  two  kinds^of  nerve  fibres  divide  tiflnl* 
taneounly  and  the  terminal  fibriU  are  diatrilnitcd,  one  or  more  of  each  kind,  to  the 
muscle  fibre,  pasaing  inside  the  sarcolemma  to  end  in  the  muscle  substance. 


see  Old 


here  a  powerful  muscle  closing  the  forceps,  and  a  similar  one  opening  it  (see 
figure  in  Huxley's  book,  1880,  p.  93).    It  is  clear  that,  if  the  strong  closing 
muscle  remained  in  a  state  of  contraction,  the  weaker  opening  nmscle  would  be 
powerless.     Accordingly,  it  is  found  that,  if  the  nerve  trunk  supplying  the 
appendage  lie  excited  in  such  a  way  that  the  forceps  is  caused  to  open,  the  closing 
muscle  is  inhibited,  along  with  the  contraction  of  the  opening  muscle,  and,  when 
the  forceps  closes,  an  opposite  effect  on  the  two  muscles  takes  place.  Ricbet 
(1882)  showed  that  a  weak  direct  stimulation  of  the  claw  cause<l  opening,  and  a 
strong  one  caused  closing,  while  Biedermann  (1887,  1)  showed  that  a  weak 
stimulation  of  the  nerve  causetl  a  contraction  of  the  opening  muscle,  coincidently 
with  inhibition  of  tone  in  the  closing  muscle,  and  that  a  strong  stimulation  ha<i  the 
opposite  effect  on  both.    The  explanation  of  these  facts  seems  to  lie  either  in  the 
existence  of  four  sets  of  fibi-es  in  the  nerve  trunk,  exciting  for  the  closing  muscle, 
inhibiting  for  the  opening  muscle,  exciting  for  the  latter,  and  inhibiting  for  the 
former ;  or  two  sets  of  fibres,  each  of  which  divides  into  two  branches,  one  branch 
inhibiting  the  one  muscle,  while  the  other  branch  excites  the  antagonist  muscle. 
The  fibres  causing  contraction  of  the  closing  muscle  and  inhibition  of  the  opening 
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one  require  a  stronger  current  from  the  induction  coil  than  the  other  set  do. 
possibly  due  to  their  excitable  substances  having  a  different  optimal  rate  of  stimu^ 
^f^'J'lftR?  suggestive  fact  that,  as  was  shown  by  Biederraann  at  a  later 

oate  ( ieb7,  2),  the  fine  branching  nerve  fibres  in  the  muscles  are  always  double,  a 
slender,  fibre  accompanying  a  thicker  one,  even  to  their  endings  in  the  muSle 


Fio.  113.    Action  or  the  vaous  nkrvr  on  this  bbath  or  the  ventriclk  or  the  tuktoise. 

Upptr  fljruw^On  ittJmulation,  marked  by  the  «ipnal,  the  beat*  cease,  after  a  latent  period,  with  a  decreaw  ol 
diastolic  tone  (the  tracinjr  le»er  pnll*  downwardx).    The  effect  last*  condiderably  ion(rrr  than  the  stininlation 
aod  ia  followed  by  an  incre*M!  in  the  mapTiitnde  of  the  beats.    The  Intent  period  is  better  shown  In  the  lower 
figure,  where  the  tiroes  of  stimulation  are  marked  by  white  rectangles  on  the  heart  tracing  itself. 

fibres.  The  same  muscle  fibre  is  supplied  by  a  fine  and  a  coarse  fibre,  and  it  is 
Qifficult  to  avoid  the  conclusion  that  one  of  these  is  excitatory,  the  other  inhibitory, 
for  the  muscle  cell.  Fig.  112  is  a  diagram  of  the  facts  as  made  out  by 
Riedermann  and  by  Mangold  (1905),  who  also  investigated  the  question  and  found 
this  plan  of  innervation  to  be  a  very  general  one  in  the  Arthropods.  Tt  will  be 
seen  presently  that  the  fact  has  an  important  bearing  on  the  theory  of  inhibition. 

The  arrangement  by  which  the  bivalve  molluscs  open  and  close  their  .shells  was 
investigated  by  Pavlov  (1885),  who  found  that  the  powerful  adductor  muscle  is 
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supplied  with  two  sets  of  nerves,  exciting  and  inhibiting.  The  natural  state  of 
the  muscle  appears  to  be  one  of  tonic  contraction,  which  can  be  reduced  by  certain 
nerve  fibres.  It  then  remains  in  this  state  until  a  stimulation  of  the  exciting  nene 
fibres  sets  it  into  contraction  again.  Further  details  with  regard  to  these  tr>nas 
phenomena  will  be  found  in  Chapter  XVIII.  It  is  important  to  note  that,  as 
Pavlov  points  out  (pp.  28  and  29),  there  are  no  nerve  cells  in  the  muscle  itself,  so 
that  the  two  kinds  of  influence  must  be  exercised  on  the  muscle  c<?1Ir  directly.  In 
view  of  later  theories  of  receptive  substances,  it  may  be  added  that  Pavlov  states 
that  there  must  be  special  parts  in  the  interior  of  the  muscle  fibres  on  which  the 
contraction  depends,  and  others  on  which  the  relaxation  depends. 

Th*i  Heart. — In  Fig.  1 13  trackings  are  given  of  the  stoppage  of  the  heart  of  the 
tortoise  by  stimulation  of  the  vagus  nerve.  It  will  be  noted  that,  in  adrlition  to 
cessation  of  the  spontaneous  beats,  the  state  of  tone  in  diastole  is  reduce*!.  In 
Fig.  114  a  curve  of  the  action  of  the  opposite  kind  of  nerves,  the  accelerator  or 
augnientor  nerves,  from  the  sympathetic  system,  is  shown.  More  detailed  analysis 
of  the  nervous  regulation  of  the  heart  will  Ix;  found  in  Chapter  XXIII. 

It  was  remarked  above,  tliat  it  is  to  be  supposed  that  the  phenomena  aa&o- 


Fio.  114.  ACTION  or  the  sympathetic  nctve  (At'OMENTon)  on  the  heart  ok  the  toad.— 
SuHpenflion  method.  Clamp  in  auriculu-ventricular  groove.  Sympathetic  Btimiiklcd 
before  it  joins  the  vugus.     '  — 

(riftskell,  1900,  Fig.  in.) 

ciated  with  inhibition  will  naturally  1x3  of  an  op|>osite  kind  to  th<^  as8<x'iat«d 
with  excitation.  In  this  ccmnection,  the  observations  made  by  Gaskell  (1887) 
are  of  much  interest.  Wo  have  seen  that  the  wave  of  excitation  in  musclf 
is  ac«*ompanied  by  electrical  negativity  of  the  spot  actually  in  the  state  f>f 
excitation.  Now  Gaskell  showiMl  how  a  preparation  can  be  made  of  the  auricle 
of  the  tortoise  in  such  a  way  that  spontaneous  beat*  cease  for  a  time,  owing  to 
separation  from  the  place  where  these  beats  arise  in  the  sinus,  while  the  suppiv  of 
inhibitory  fibres  is  left  intact  in  a  nerve  (the  coronary),  which  is  separate*  from  the 
other  ti.ssues,  an»l  can  be  left  when  they  are  cut.  We  have  also  seen  that  if  one 
electrode  is  situated  on  an  injured  Nj>ot,  we  obtain  only  the  electrical  change  takin:; 
place  at  the  other  electitxle  on  a  normal  spot.  When  the  auricle  contract.*?,  then, 
there  is  a  movement  of  the  galvanometer  nee<ile  in  a  direction  indicating  negatintv 
of  the  auricular  nmscle  under  an  electrode  on  a  normal  spot,  when  the  other 
electroile  is  on  an  injuretl  .spot.  Now,  suppose  that  we  excite  the  vagus  nerve 
while  the  auricle  is  in  a  sbite  of  rest  after  separation  from  the  sinus.  Gaskell 
saw  that  the  muscle  becomes  eJfirtropontii'e ;  the  galvanometer  needle  moved  in 
the  opposite  direction  to  that  associated  with  contraction  (Fig.  115).  It  might, 
perhaps,  be  supposofl  that  the  explanation  of  this  change  is  merely  that  tht- 
auricle,  although  showing  no  rhythmic  beats,  was  in  a  state  of  .slight  tonic  con- 
traction, which  would,  of  course,  be  associated  with  a  permanent  negative  deflec- 
tion of  the  galvanometer.    If  the  vagus  caused  a  disappearance  of  this  tonus,  the 
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tiaftne  would  naturally  become  lem  negative,  that  is,  it  would  wpear  to  boeome 

electro  positive.    Tt  is  of  some  importance,  tfaerefore^  to  note  that  €taakeH  wui 

unable  to  (let ret  the  sli^litest  change  in  tonus,  although  using  a  very  sttisitiTO 
lever  t^^)  uiagnitv  any  ptisbiblo  movement.  It  is  evident  that  inhibitory  action  is 
accompanied  by  iionie  kind  of  change,  which  is  of  the  opposite  nature  to  that 
whiclt  is  iwponsible  lor  the  negativity  of  a  tissue  in  the  state  of  excitation. 

With  n^rd  to  aorne  doubts  that  hsire  been  expressed  as  to  these  results*  I  should  like 

trv  <^tate  that  I  have  myself  on  two  scparat*  occasions  shown  the  fact  v  Ic  'lurf  cxpprimnnt 
and  have  obtained  the  eloctro  po8itivo  chauge  without  difficulty.  It  ahoulU  be  borne  in  mind 
that  the  magnitude  of  the  chance  is  mueh  leM  than  that  of  the  negative  change  rjccurring  on 
contraction,  mi  thut  obaervcra  who  have  atrimj  tr  il  to  observe  it  with  the  capillary  fleet rrimr  tcr 
have  been  uiuible  to  do  so.  Heoeutly,  iiuwever,  both  Meek  and  Eyster  (1912)  and  Sanioilov 
(191.*))  have  photographed  it  by 
i\u\  of  the  string  galvanometer, 
m^Mle  especiallv  sensitive.  The 
advantage  of  the  use  of  thin  in- 
Btrumcnt  in  that  the  positive 
effect  can  bo  seen  in  the  txiating 
heart,  both  of  the  frog  and  <x 
the  tortoise  (see  Fig.  lib). 

Gaski  ll  has  also  sliown 
tint,  after  the  heart  (»f  the 
tortoiiie  has  been  brought  to 
A  standstill  "hj  the  applica- 
tion of  the  alkaloid 
muscarine  to  the  sinus, 
'-t  irmilation  of  the  vajjns 
nerve  producer  the  same 
change  as  that  recorded 
above;  moreover,  stimula- 
tion of  the  augmentor 
nerves  of  the  toad,  wliicli 
in  the  Ix'atin;;  heart  causes 
increase  in  the  rate  or 
height  of  the  contractions  iA 
the  ventricle,  produces  in 
the  ventricle  of  the  heart  at 
rcKt  unrler  the  action  of 
ninscurine  or  otherwise,  an 
electrical  change  of  the 
same  sign  as  that  assooiated 
with  contraction  of  the 
muscle  (Fig.  117). 

Another  effect  of  the 
state  of  inhibition  is  to 
depress  the  excitability  of 
the  heart  muscle  with  regard 


Fig.      115.        Kl.FCTKICAI,     rllANi.K      PRODrCKD      TV  TTIK 
QlJirJK;ENT  AIJRICI.K  OK  TUK  TOHTOI8K  By  STIMfl.ATiOX 

or  TtfE  vAnus  nervr  sarwwi  tasM  DomcD  lines 
ON  THE  CURVE.— At  the  arrow,  muscarin  was  applied 
to  the  sinus  to  arrest  it«  cun tractions.  This  luui  no 
efEoct  on  the  subeequeDt  stimuh^tioo  of  the  vagus. 

Note  that  the  oleotrical  change  is  (^pociito  in  sign  to 
that  a.«(K(K'iale<I  with  contraction,  and  al^i  \<\  that 

J>roduccd  by  the  augnientor  nerve  in  quiescent  muscle 
see  Fig.  117  behm). 

(Oaskell,  Jtmm,  ^Pkynd.,  8  (1887),  40i-4IS.) 


to  the  response  to  direct  stimulation.  M'Willi  ini  sliowed  (l^S.'),  1)  that  the  sinus, 
auricles  and  ventricle  of  the  newt's  heart  are  inexcit^ihle  under  vagus  inhibition, 
and  (1S85,  2,  p.  226)  that  the  auricle  of  the  eel's  heart  l)ehave8  in  the  same  way. 
Althoni^  this  phenomenon  could  not  he  demonstrated  in  other  animals,  it  shows 
that  the  action  of  inhibitory  nerves  is  excited  on  the  muscle  itself. 

The  work  of  Dorothy  Dale  and  G.  R.  Mines  (1913)  shows  that  the  nction  of 
the  vn<:^s  on  the  heart,  as  investigatwl  by  the  string  galvanometer,  is  to  prodfx  e 
iucrea>>eti  resistance  to  tranMmission  from  auricle  to  ventricle  and  to  sliorten  tlie 
duration  of  the  electrical  disturbance.  That  of  the  accelerator  nerves  is  to  improve 
the  rate  of  conduction  and  to  increase  the  duration  of  the  djectrical  response  in 
the  ventricle. 

Since  the  effects  of  tlie  excitatory  and  inhihitorv  nervf^,  uri  ^mootli  tnusi'le  are 
of  an  opposite  nature,  it  is  to  1h'  cxjxrted  that  the  effect  oi  one  could  l)e  hatanced 
by  the  simultaneous  stimulation  of  the  other.    Experiments  of  this  kind  were 
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made  tiy  Ileid  Hnnt  (1897),  who  fDund  that  the  result  cn  the  heart  beat  of 

simultfiTif'Tin';  stimulation  '»f  t^u-  \  ;i"^'ns  and  accelerator  nerves  was  nil  or  miniTnal . 
if  the  ertei'ts  when  separately  Klimulutcd  were  equal  and  opposite.  If  the 
stimulation  of  the  one  was  inter(>olated  in  the  middle  of  that  of  the  other,  the  rate 
of  the  beat  was  brought  hack  towards  that  of  the  norma).  In  other  wfird8«  the 
nerves  are  parely  antagoniatic  and  "the  statement  that  a  minimal  stimulation  of 
Uie  one  can  completely  overcome  a  maximal  stimnlation  ol  the  other  ia  undoubtedly 
incorrect." 

On  the  other  hand,  the  exj>ei  iiiients  of  vou  Fre}^  (1876)  are  Ronietinies  quototi 
in  support  of  the  opposite  view.  These  experiment*  showed  tliat,  on  mcLximal 
stimiilatbn  of  diorda  tympani  and  sympathetic  nerves  at  the  same  time^  the  rate 
of  blood  How  through  the  submaxiUary  gland  was  slowed,  showing  that  the 
oonstrietOT  effect  overpowered  the  dilator  one.  When  the  stimulation  ceased,  the 
dOator  effisct  of  the  chorda  tympani  showe<l  itself  to  last  longer  than  the  rrmstrirtor 
eflFect  of  the  sympathetic.  By  appropriate  choice  of  the  relative  .strength  of  the 
stimulation  of  the  two  nerves,  Asher  (1909)  sliowcd,  however,  that  the  etFect  of  eithcx* 
dIUtor  or  eonstrictor  nerves  can  be  made  to  preponderate.   Anrep  and  Cybolski 


ppy  1111  ill  jjllll 
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FlO.  110.     POSITIVB  VARIATION  Of  THE  DEMARCATIOH  CURRENT  OF  T»K  FROG'S 

wnmoLa  xif  ooicsKQinQfos  or  snMULAnoN  or  tbk  VAom. 

One  electrode  lends  off  Irom  an  Injnml  ipot. 

^trinr  fmIv.mometer. 

**  Upper  tradoir— the  inono(»h«iic  electrical  ctuuigee.   The  tops  are  too  high  to  be  included  on  the  {Hate. 
Bdow  It— NteniMM  line 

Lower  traoiii(f  -spontaneous  >mrt  );fat»,  recorded  by  a  lever. 

On  stimulation  of  the  va^;ijs,  iii.ti  k»-<l  the  siiriial,  there  i»  ^railunl  (.ill  in  the  (lii<'t-iilic  hnel  «(  the 
l^vanometer  line;  that  is,  thtrc  i'^  r»n  ekrtrical  effec  t  in  Ihr  ojtiKtsito  din-i  tion  to  ttmt  axjuiciated 
with  contrru-tion.  After  this  cttcrt  ha.i  passed  off.  thure  m  a  temporary  rise  in  the  level  o(  the 
diastolic  pcwiti'  r  of  rin  NtriiiK'.  "Soiv  th»t  the  diaHtolic  po^tkm  of  ttis  toVtrawrMnf  the  bail* 
abow»  BO  alteration  during  the  coarse  ot  the  vagus  inhibition. 

(After  Sunoilov.) 

(1884)  fotiTvl  it  easy  to  make  either  effect  show  itself  in  the  case  of  the  tongue. 
It  18  to  Imi  noted  that  von  Frey's  experiments  were  made  to  test  a  particular 
hypothesis,  that  of  interference  in  ganglion  cells,  and  the  results  ai-e  not  in 
disagreement  with  the  view  of  the  supply  of  Uie  same  individual  moacle  fibre  fay 
two  separate  nerve  fibres  of  opposite  action. 

Secretion, — If  the  view  taken  in  our  chapter  on  Secretion  be  correct,  namely, 
that,  «f»  to  a  rovfain  stao^e,  this  process  is  an  antom»t  i«"  one  on  the  part  of  thf  cell 
mwhnnistns,  tliere  issome  reason  to  suppose  that  tlierc  might  be  nerves  inhibiting 
the  process.  In  the  case  of  the  pancreas  we  have  met  with  some  evidence,  brought 
forward  by  Pavlov  and  his  co-workers,  that  the  vagus  nerve  contains  inhibitoiy 
fib^H  for  this  gland.  One  way  in  which  this  influence  can  be  seen  is  tile 
following; :  suppose  that  we  have,  by  repeated  periods  of  stimulation  of  the  vagns^ 
obtained  a  tlow  of  juit^ ;  this  flow  outhu^ts  the  actnal  perirKl  of  stimulation,  and. 
if  the  stimulation  be  applioti  to  the  vagus  afresh  hefon*  tlic  effect  of  the  piwedin;; 
stimulation  has  ceased,  it  will  ha  seen  that  the  first  etlecl  is  a  cessation  of  the  flow, 
which  is  afterwards  followed  by  an  increase.  The  reader  may  remember  that  thiB 
is  very  similar  to  the  phenomenon  seen  in  the  action  of  the  same  nerve  on  (he 
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movements  of  the  intestine,  so  that  it  is  not  unnatural  to  imagine  that  the  pffp<  t 
on  the  pancreas  might  be  due  to  the  relaxation  and  contraction  of  nuiscuiar  tibrca 
in  the  ducts.  That  this  is  the  expUnatioo  is  shown  by  the  experiments  of  von 
Anrep,  described  oil  pa^  349  above.  » 

Jappelli  (1908)  sUten  that,  if  an  attempt  is  mode  to  produce  reflex  sah'vary  Meretloa  bjr 
excitint;  the  central  end  of  the  lingual  nerve,  no  effect  is  pi c^hu  rtl  n  :  long  a.e  \\w  stimulation 
bfiti^,  Itui  that  the  secretion  appcar8  8ub8c<|uent)y.  If  ^t'cretiuu  is  in  progress  when  the  oerve 
if)  excit«d,  a  temponuy  oeraatioi)  occurK.  Before  wo  can  accept  these  roimUfi  as  evidence  off 
inhibitorv  til)re«,  cxperir?i«nt«  on  the  hl<M«!  tlnw  thnni;;h  the  gland  must  be  made  under  the 
oonditioiiH  of  the  exi>cruiieut.  It  is  practically  certain  that  reflex  vawMXNisiriction  was 
pcoduced  in  the  gUnd  by  •timulBUon  of  the  semoiy  tierve  and  the  failure  of  blood  sujiply 

would  !«•  fptite  sufficient 

to  account  fur  the  results.   • 

Reference  waa  made 
previously  (page  'M^H  to 
the  "  anabolic  ''  nervuH 
s«ppj5!cd  to  supply  the 
gland  cf'lls  ;  the  function 
of  these  fibres  ih  supposed 
to  be  to  exette  the  build- 
ing Tip  pnx^s*!  in  these 
'•-'lis.  According  to  the 
ihf'iry  pnjpoeed  by  Gae> 
kfll.  to  l>e  discussed  pre- 
sently, anabolic  nervew 
are  iDhibil4»ry.  When  the 
chorda  tynijwni  is  cut, 
these  tonic  inhibitory  ini- 
pQlseA  arc  removed  and 
we  h»ive  "paralytic  wcre- 
tion.  '  The  bttais  of  this 
theor}'  will  be  foand  not 
to  be  a  very  solid  one. 

Serve  Centres. — We 
oomo  iKiw'  to  a  very 
important  region  in 
which  inhibitory  pro- 
oeows  play  as  fonda- 
mental  a  part  as  those 
of  excitation.  A  few 
examples  will  l)o  jfivon 
here,  and  the  iialure 
of  Uie  plieaouieua  dis- 
euised  fatter. 

The  neceasity  of  the 
process  will  be  appar- 
ent, if  we  consider  the 
btate  of  aifiiirs  in  a 
complex  co-ordinated 
act»  in  which  the  nerve 

ccUa  of  centres  governing  various  muscles  are  called  upon.  Sonic  or  all  of  thei>e 
«elU  are  cortAin  to  be  ocrnpied  in  other  ways  at  the  time  ;  that  is,  tliey  are 
already  in  n  state  of  exeitation  due  to  the  arrival  of  messai:^!''^  frnu\  other  sources! 
If  they  are  to  perform  the  new  process  properly,  they  nmst  bu  tre*id  from  this 
previoos  state  of  excitation,  so  as  to  be  accessible  ta  the  fresh,  one.  Furthei) 
the  activity  of  certain  centres  sets  into  contraction  muscles  which  oppose  those 
tequired  in  the  new  act  and  which  must  be  relaxed. 

In  Fig.  107,  on  page  388  (from  Slierrington  and  Sowlon,  1911,  p.  443),  wp  saw 
that  a  state  of  tonic  reflex  contraction  i«j  produced  in  the  vasto-crureus  muscle,  by 
Htiiuulation  of  the  central  end  of  the  popliteal  nerve  with  rheonomc  currents.  This 
tonie  excitation  of  the  nerve  cells  continues  after  the  stimulus  has  ceased,  as  shown 
by  the  line  of  the  signal  at  the  base  of  the  figure.  At  the  second  mark  of  the  signal,  a 
uesk  t^aninng  stimulation  was  applied  to  the  same  nerve.  The  tonic  state  of  the 
cell  is  completely  abolished,  but  returns  when  the  inhiUtiiig  stimulus 


Fig.  117.    Ki-f:<  TKicAL  cnAvr.r.  rnoDUCED  in  TnB  QriEsrENT 

VStmUCLK  OF  THR  TOAD  BY  STIMni.ATlON  OF  TUB  AUOMKNTOa 

>'KnvK. — Tlie  fit-Kt  two  stimulations,  after  the  heart  hii<l  t>een 
brought  t<i  a  standstill  .hy  fti>[)hcati(»n  «if  niuscariti  tu  the 
sinus.  The  last  one,  on  anotner  heart  after  the  ventriols 
had  ceased  to  beat  owing  to  hhivk  of  impulses  from  the  sinus 
hy  application  of  a  clamp  In-tween  the  auricle  and  ventricle. 

The  sign  of  the  electrical  effect  is  similar  to  that  of  spontaneous 

oootractioci,  and  opposite  to  that  produced  by  the  vague. 

(GaskeU,  /sum.  </  PhgtkL,  8»  404-415). 
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Fig.  118  (from  Sherrington,  1905,  p.  277)  shows  some  further  points.    In  this 

case,  the  reflex  oon- 
traction   of  the 
muscle  wa.s  brought 
about  by  stimula- 
tion of  the  skin  of 
the  foot  of  the 
opposite  side,  indi- 
cated by  the  lower 
signal.    At  the  rise 
of  the  upper  signal, 
the  foot  of  the  same 
side  as  that  of  the 
muscle  observed 
was  stimulated. 
The  excitation  of 
the    centre  dis- 
appears, and  it  is 
to  be  noted  that  it 
falls  below  the  level 
at  which  it  was 
before  the  reflex 
contraction  was  in- 
ducetl.  The  cells  of 
the  centre  were, 
therefore,  already 
in  a  state  of  partial 
tonic  excitation 
before  the  exciting 
stimulus    was  ap- 
plied, and  this  was 
abolished  along 
with  that  due  to 
the  stimulation 
of   the  afferent 
nerve. 

Fig.  119  (Vesri, 
1910)  is  a  some- 
what simpler  case, 
bei  ng  a  reflex  from 
the  spinal  cord 
separated  from  the 
higher  centres. 
The  gastrocnemius 
muscle  of  the  frog 
is  put  into  contin- 
uous reflex  tetanus, 
by  stimulation  of 
the  afferent  dorsal 
root  of  the  9th 
spinal  nerve,  dur- 
ing the  mark  of 
the  lower  signal. 
At  the  several 
marks  of  the  upper 
signal,  the  central 
end  of  the  8th  root 
was  stimulated. 
There  is  complete 


Fio.  118.  Reflex  inhibition  op  DECKREnRATK  tone.— The  tone  was 
induced  by  Rtimulation  of  the  skin  of  the  foot  of  the  opposite 
aide,  markod  by  the  lower  signal  and  b}'  lines  cutting  the 
myogram.  During  the  time  marked  by  the  upper  signal,  the  foot 
of  the  same  side  as  the  muscle  was  stimulated.  Note  that  the 
muscle  was,  to  begin  with,  in  some  degree  of  tonic  contraction, 
and  that  this  is  inhibited  together  with  that  due  to  tlie  reflex 
from  the  contralateral  foot.  The  muscle  falla  to  the  position  of 
complete  relaxation. 

(Sherrington,  1905,  Fig.  3.) 
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inhi^^iti'm  of  the  centre,  although  the  stimulation  causing  reflex  contrsetion  whs 

continued. 

We  nriay  take  another  example  from  a  different  group,  the  vasoiin>tor  reflexes. 
In  Fig.  1 20  (from  an  experiment  of  my  own),  the  uppermost  curves  represent  the 
▼oliime  of  one  of  the  bind  of  a  dog,  a  rise  in  the  curve  meaniDg-  increase  of 
volume  due  to  the  presence  of  more  blood  in  the  limbb  The  vasodihitor  supply 
had  been  cut  oflT  fl"»»m 
the  rontrc  Viy  Bt'ctiori 
of  the  Kpinal  cord 
in  the  upper  lumbar 
region.  Between  the 
two  parts  of  tho 
tracing,  the  vaso  €«n- 
atrictor  supply  waa 
also  ent  off  bv  section 
of  the  abdominal 
sympathetic  oliain. 
The  efTwt  of  this,  as 
will  be  seen,  was  to 
cause  an  increase  in 


the"  volume  of  the 
Umb,  although  there 

wa«  no  change  in  the 
V)lo«»f^l  pre*wure  (the 
first  part  of  the 
tracing  was  inter' 
rap  ted  before  the 
blood  .pressure  had 
returned  to  its  nor- 
mal level,  which,  at 
the  time  of  section  of 
the  sympaUietic,  was 
at  its  initial  height 
as  at  t}if^  Wginning 
of  the  figure).  Tho 
only  way  in  which 
thia  vaeo- dilatation 
could  have  happened 
was  that  the  vaso- 
constrictor  centre 
wa&  in  a  state  of 
tonic  excitation,  and 
sending  impulses  to 
the  lirab,  keepirif;  its 
arterioles  in  a  state 
of  tonic  contraction. 
Section  of  the  efferent 
nerves  conveying 
these  impnlses  re- 
leased the  blood 
vessels  from  this  tonic  excitation,  and  pressure  of  the  blo<xi  inside  them  caused 
expansion.  At  the  two  marks  on  the  signal  line,  the  central  end  of  the  vagus  ner\'e 
was  stimulated.  In  the  dog  there  are,  in  this  nerve,  fibres  which  excite  and  idso 
fibrsfi  which  inhibit  the  vaso-constrictor  centre,  but  the  fall  of  blood  pressure,  in  the 
lower  curve,  shows  that  in  thi?  '•n'se  the  efiect  of  the  latter,  the  "depressor"  fibres, 
was  present  alone.  Owing  to  inhibition  of  the  tonic  state  of  excitation  of  the  vaso- 
oonstrictor  centre,  the  limb  dilates  in  the  first  stimulation,  since  the  arterioles  are 
freed  from  the  coiiBtrictor  impulses,  just  as  by  the  subsequent  section  of  the  nerve 
fibras  ihMDselves.    The  second  stimulation,  after  section  of  tiie  sympathetic 


Fia  119. 


iKninmov  of  srr^AT,  kkflex  in  tub  noo.-^,^ 

sensory  rcxits  of  tlic  ncintic  nerve  cnt.  « 


^,  Upper  tracing— contractions  of  the  gMtrocnemitw  mtucle. 

UmtK  iten**— conUmwwtUiBiibttoa  of  th»  eentnJ  wdal  tbefHhdct^J  w>o|> 

Upp«r  ftginl— intaimitlMit  •Hmntattai  of  the  eentnl  and  of  th«  8th  doml 

poofc. 

The  reflex  mntrartion  diip  t^i  thf  ><tiniulrition  of  tlMOOe  rOOlll  I 
time  that  the  other  root  in  stimulated 

JI,BiiDllw  experiment  in  which  the  Mtlfla  Of  Um  lOlh  raoi  It  inhiMlwl  by 
•timulfttkin  of  Uic  8th  root. 

TiM  flvstand  iMt  oontraotkms  on      myoKrain  ahow  that  stimulation  of  Uie 
Sth  reoi  Iqr  itMlf  alone  ommw  refloz  oontrMtioB,  olibough  brief. 

(After  Vtei.) 
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chain,  is  merely  to  show  the  absence  of  any  direct  effect  on  the  vessels  of  the  limb, 
the  fall  in  the  curve  Ix'ing  due  to  the  diminution  in  the  blixxJ  content,  owing  to 
the  lowered  blood  pressure  produced  by  dilatation  in  the  blood  vessels  of  thoeie 
other  parts  of  the  body  still  under  the  dominion  of  the  vaso  constrictor  centre. 
Experiments  on  balancing  excitation  against  inhibition  in  nerve  centres  show 


Fio.   120.     Dr.rnEssoR  beflkx  on  the  arterioles  of  xnic  hind  leo  from 

STIMULATION  or  THE  CENTRAL  END  OF  THE  VAOl'S   IN  THE   DOO. — VaSO-dilatOH 

cut. 

Upper  cunes— volume  of  the  Icjf,    Kise  indicates  va.io-<iilatation. 
Ix)wer  curveii — arterial  pressure.    Zero  is  24  mm.  below  the  time  sif^nal. 
Time  in  ten  seconils. 

The  first  Btimnlation  uhous  vaf)o-<lilat«tion  produced  by  inhibition  of  tone  in  the  \aso-conslrictor  centre. 
The  arterial  premnire  falls.  Flefore  the  wond  Rtimnlation  the  abdominal  in  mpAlhetiR  nen-e  wm 
cut  The  fact  that  thi»  nerve  wa«  eonveyinp  tonic  vaso  constrictor  impulses  is  shown  by  the  riae 
of  the  level  of  the  volume  of  the  lejj  wen  in  the  tracing. 

The  second  atimtilatlon  producer  a  similar  fall  in  arterial  ))ressure,  but  the  lefr,  instead  of  expandingr. 
merely  follows  the  nlootl  prcimure;  dc<Tea»e  in  volume  is  due  to  the  lower  pressure  at  wbi«  h  the 
blortd  is  firivpn  in  and  to  its  Jieinp  draini-d  away  by  vancular  dilaUtion  in  other  iwrtit.  No  inhibi- 
tion of  «instrict/>r  tone  could  be  shown  by  the  lejr,  since  the  vaao-constrictor  nerves,  ptuitini;  to  it 
from  the  centre  by  way  of  the  s}-mpathctic,  were  divided. 

(Bayliss,  1908,  2,  Fig.  4.) 

that,  by  properly  choosing  the  relative  strengths  of  the  stimulation  applied  to 
the  respective  nerves,  an  exact  neutrali.sation  can  be  obtained.  I  found  (1893, 
p.  318)  this  to  be  the  casc  with  the  vaso-constrictor  centre  and  give  an  example 
in  Fig.  121.  The  tracing  is  that  of  the  arterial  pressure  in  the  rabbit.  During 
the  rise  of  the  upper  signal,  the  depressor  nerve  was  stimulated  continuously, 


Google 


EXCITATION  AND  INHIBITION 


413 


pt'ocluciiig  its  uontiai  fail  of  blood  pressure;  this  fall  is  iuterrupted,  temporarily, 
duritig  the  rise  of  the  lowest  signal  lioe,  by  a  return  to  normal,  resulting  from 
Bimultaneous  stunnlation  of  an  ordinary  uiTerent  nerve,  the  anterior  crural,  which, 

on  its  own  account,  would  have  produced  a  rise  of  arterial  pimsurc  above  normal 
by  excitation  «»f  tl»e  constrictor  centre.  T]>»'  <'ffect  of  this  nervo  lasts  longer 
tbaA  the  period  of  stimulation,  but  the  contniued  stimulation  of  the  inhibiting 


norve  makes  its(>lf  felt  atjain  ami  tlio  hlood  pressure  tises  finally  to  normal  only 
when  the  Htimulatiou  4>£  the  depressor  ceases. 

In  Fig.  122  two  tracings  are  given  from  Sherrington's  paptT  (TJUS)  winch 
diow  the  same  feet  in  the  case  of  reflexes  to  skeletal  muscle.  The  vasto-cnireus 
muscle  of  a  decerebrate  cat  traces  its  contraction  by  a  rise  in  the  cunre.  Hie 
upper  signal  in<licates  by  a  fall  the  stimulation  of  an  inhibitory  nerve,  the  central 
enfl  of  the  peroneal  of  the  same  »<ide,  and  the  lower  si^jnal  that  of  an  exeiting 
nerve,  the  central  end  of  the  popliteal  of  the  opposite  leg.    In  A,  the  inhibiting 
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nerve  is  first  stimulated  and  the  muscle  is  released  from  the  tonic  excitation  o( 
the  centre.  In  the  middle  of  tliis  period  of  stimulation,  the  exciting  nerve  is 
stimulated,  the  inhibition  of  the  centre  is  almost  neutralised,  so  that  the  muscle 
returns  nearly  to  its  original  length.    While  this  stiuiulatiou  is  continued,  the 


Fio.  122.   Bauu«'ce  of  reflex  excitatiom  and  inhibitiox  ur  thx  cask  or 

SKELETAL  MDSCLK  ( VASTO-CKUKKDS). 

In  the  left-h&nd  tracing  (A)  the  niyotrrmm  (m)  shows  that  iiietliutn  (decerebrate)  tonus  is  present  at  the 
eonunencement.  The  fall  of  the  sii^nal  line  /  indicates  that  the  central  end  of  an  inhibitory 
alTerent  nerve,  the  iueelatenU  |ifron«al,  is  excited  by  15<J  units  of  the  cuil  tfroduation.  The  level 
falls.  It  is  brouifht  back  attain  nearly  to  its  oritrinal  height  by  concurrent  xtiniuUtion  (nhown  by 
signal  K)  of  an  excitatory  nerve,  contralaterai  popliteal,  with  &0U  units.  When  the  inhibitory 
stimulus  is  cut  oO,  the  full  effect  of  the  excitatory  one  shows  itself. 

In  the  ri^ht-hand  tracing  (B)  the  onler  in  which  the  two  nerves  are  stimulated  is  reverse^L 

Mote  the  greater  rapidity  of  the  final  fall  in  B  than  in  A.  This  is  due  to  the  fad  that  io  S  it  it 
produced  by  active  inhibition,  in  A  by  mere  cessation  of  excitation. 

{Sherrington,  1908,  Fig.  4.) 

inhibiting  stimulus  is  removed,  with  the  result  that  the  exciting  stimulus  cao 
produce  its  full  effect  unhindei^ed.  Ifi  B,  the  converse  experiment  is  pcrfurmed, 
connnencing  with  the  stimulation  of  the  exciting  nerve.  Sherrington  concludes 
that  the  efiect  is  a  simple  algebraic  summation  of  the  two  single  effects  (see  ak) 


Digitized  by  Google 


EXCITATION  AND  INHIBITION 


415 


§ 


"5 .— • 

g  o  ee  ee 

g  =  St 

<7  =  §  = 

I 


P. 3 


—  eS 


« 

^  *' 

p.  o  s  o 

ei  -' 

5;  5  e 

^  o 

C  e$  E  <S 


»  g  » 


H 
ffi 

•A 


c 


CO 


tS  O 


ID 

Jr.  • 


41  w 


P .  IS  •»< 

el  ill 

s  '--^  a 

Me"-* 

00  O  C  eo 
3  A  O  3 

c 


iJ  .  .  . 


1.1 


of 


a 
o 

.9 
t 

e 

CO 


I 

a 

I 


Fig.  123).  In  the  case  of  the  vasomotor  i-edexes  I  stated  the  same  conclusion 
thus:  the  results  "de- 
pend entirely  on  the 
relative  strengths  of  the 
stimuli ;  whichever  nerve 
is  under  the.  stronger 
eieitatiou  shows  it^  t)\\x\ 
effect,  and  when  the 
e.\citation  of  this  one  is 
stopfK^],  the  effet^t  of  the 
other  manifests  itsi'lf. 
In  fact,  there  appears  t»i 
be  a  perfect  antagoniHin  ' 
(1893,  p.  318). 

"  Ink ihii  ion  of  I ttJi  ih  i 
tioti.** — Suppose  that  wo 
have  in  tonic  activity  the 
coitre  from  which  nerves 
proceed  which  cause  in 
liibition  or  relaxation  of 
the  soKXith  niusi'le  which 
they  supply.    Such  a  ease 
is  that  of  the  vaso  (lilat4)i- 
centre  under  certain  eoii- 
«iitioas,  as  will  lie  seen 
later.     Now    there  are 
afferent    nerves  whieh 
inhibit  this  centre,  just 
M  the  depres8f>r  nerve 
inhibits  the  vaso-eon 
strictor  centre,  so  that 
we  have,  as  Sherrington 
has  called  it,  an  "inhihi 
tion  of  inliibition."  hi 
Fig.  124  we  have,  in  faet, 
a  case  which  is  incapable 
"f  explanation   on  any 
•ther  view.    This  is  from 
in  experiment  in  wliieh 
I  was  engaged  in  investi- 
gating the  blo()<l  flow 
through  the  submaxillary 
gland  of  tlie  rabbit.  U 
will  be  seen  tliat,  when 
the  central  end  of  the 
vagus  nerve  of  the  oppo- 
site side  was  stimulated, 
there  was  a  longer  in- 
terval between  the  drops 
of  blood  from  the  vein, 
that  is,  the  arterioles 
''^ere    narrowed.  Now 
the  vagus  nerve  in  the 
rabbit  is  a  pressor  nerve, 
that  Is,  it  causes  a  rise  of 
arterial  pressure  by  reflex 
o<mj4triction  of  arterioles. 

Tljis  rise  of  pressure  is  not  shown  on  the  tracing,  because  an 
which  kept  the  general  blood  pressure  at  a  constant  level 


i 
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arrangement  was  used 
by  allowing  blood  to 
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escape  (ace  my  paper,  1908,  3,  p.  272).  Hence,  if  this  cervical  sympathetic  ner\c, 
conveying  constrictor  impulses  to  the  gland  vessels,  had  been  intact,  explanation 
would  be  simple,  namely,  by  reflex  excitation  of  vaso-constrictor  nerves.  But, 
in  point  of  fact,  the  vaso  dilator  fibres  of  the  chorda  tympani  were  the  only 
vascular  nerves  left  intact,  so  that  the  effect  must  have  been  produced  through 
these  and  indeed  by  inhibiting  a  previouslyexisting  tonic  state  of  an  inhibitory 
centre.  It  may  bo  noted  that  one  inhibition  acts  on  nuiscle,  the  other  on 
nerve  cells. 

It  is  shown  by  the  work  of  Pavlov  on  "Conditioner!  Reflexes"  (see  p.  506) 
that  similar  phenomena  play  an  important  part  in  the  mechanism  of  the  ner>'e 
centres  themselves.  Suppose  that  a  motor  nerve  centre  is  inhibit*^!  by  the  action 
upon  it  of  an  inhibiting  nerve,  acting  through  an  interme<liate  neurone.  In  other 
words,  the  state  into  which  this  intermediate  neurone  is  put  by  the  stimulation 
of  a  particular  afferent  nerve  is  such  as  to  give  rise  to  inhibititm  of  the  uK»tor 
neurone.    Now  it  is  quite  possible  that  another  nerve,  acting  on  this  intermediate 

neurone,  might 
inhibit  it ;  in 
which  case,  the 
mot*)r  neurtme 
pieviously  kept 
in  check  bv  the 
1  ntermediate 
neurone  would 
be  set  free,  and 
apparently  ex- 
cited by  a  nerve 
which  was  really 
inhibiting  an- 
other neurone. 
The  state  of  ex- 
citation of  our 
motor  neurone 
is,  of  course^ 
Hssumed  to  arise 
fr(»in  some  inde- 
pendent CHUse, 
inherent,  reflex, 
or  chemical.  We 
shall  see  pre- 
sently that  an 
inhibitory  nerve 


Fio.  124.    Central  inhihition'  of  excitation  of  inhiuitorv  nervks, 

THAT  IS,  OF  NERVFJl  WHICH  RELAX  TONirs  IN  I'EKIHIIKKAL  MUSCLES. 

Inhibition  or  the  vaso  dilator  centre. — Rahbit. 

Upper  tracintr— orterial  prcMiire.    Zero  at  level  of  upjier  niifual.    Scale  in  millimetre*. 
Top  Biffnal— <lro]M  of  blood  from  vein  of  Nutnimxillnrv  K'land. 

Middle  ni^rnal— two  ntimulations  of  the  central  end  of  the  vaf^is  of  the  opposite  Ride 

(preHitor  nerveX 
Koitoni  signal   time  in  ten  secondfl. 

Tlie  vajfi,  Bvmpathetir,  and  depressor  nen-ea  were  cut  on  •>oih  aides,  so  that  the  friand 
vewt«lH  were  MUpplied  only  \>y  dilator  nerves  in  Uie  chorda  tyui|>aiii  nerve. 

Stimulation  of  the  va^m  prodiiceil  no  rise  of  l>!oo<l  premmre,  t>eeaiii«e  the  animal  \»aa 
evim-erated  and  the  aorta  wan  oonneeted  with  an  aiilomatii:  arrant:enient,  by  whii  h 
ri*e  of  |>retu«iiru  waa  prevente^l.  We  note  that  although  there  wan  no  va!<o-<iin- 
■trietor  Mip|>ly,  yet  vaat  ular  ijonstriclion  waa  prfMluci'il  in  the  Mibntaxillary  eland, 
a«  Nhown  by  the  lontfer  interval*  between  ihe  dro|i(t  of  blood  eM^a^Mn^f.  Since  the 
only  VANomotor  nerves  were  dilaiom,  oon.striirtlon  could  only  be  (uuse«i  bv  in- 
hibiting the  impul!M>ii  from  the  centre  whi»-h  kept  theae  nervesj  in  a  strite  of  ionic 
■tinuilation. 


can  antagoni.se  a 

chemical  excitation  as  well  as  a  nervous  one,  and,  perhaps,  the  distinction  ou^'ht 
not  to  be  made  in  this  form,  since  the  ultimaU*  proce-ss  is  prolwibly  identical  in  both 
cases,  as  remarked  above  (page  344)  (see  Riyliss,  1919,  3,  diagram  on  p.  121). 

*'Sh^>ck"  and  "Decerebrate  Jii/jidUt/."— When  the  spinal  tord  is  cut  across, 
it  is  fountl  that  the  portion  posterior  to  the  section  remains  for  some  time  in 
a  state  of  diminished  excitability,  so  that  no  reflexes  can  be  obtiiined  from  it. 
This  state  of  "shock"  is  gradually  recovered  from.  It  has  been  supp<»se<l  tc 
1)0  due  to  some  effect  of  the  injury,  but  Trendelenburg  (1910)  has  made  some 
experiments  which  iiidicat<^  that  this  is  not  the  explanation.  Insteatl  of  cutting 
through  the  conl,  he  abolished  its  power  of  conduction  by  K>cal  cooling  to  a  point 
just  above  its  freezing  point.  Tl»e  experiments  were  done  on  the  rabbit,  since 
the  blood  supply  of  the  cord  in  this  animal  is  such  as  to  pretilude  the  possibility 
of  cooled  blo<xl  passing  to  the  posterior  part  of  the  cord  and  affecting  its 
excitability  directly.  It  was  found  that  functional  s(>paration  of  the  lumbar 
cord  from  the  higher  parts  of  the  central  nervous  system  could  be  matle  without 
any  excitation.  Notwithstanding  this,  the  reflex  excitability  of  the  liimhur  ci>nl 
was  abolished,  but  returned  again  when  the  temperature  of  the  cooled  segments 
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was  a  Hosted  to  return  to  the  nornml  lieight.  It  set^nis  tliat  the  "shock"'  effect 
must  be  due  to  the  removal  of  some  intluence  exerted  by  tlie  higher  partvS  of  the 
nervoua  system,  an  influence  of  such  a  kind  as  to  in<Tea8e  the  excitability  of 
the  conl.  Sherrington  (1906,  pp.  240-248)  had  previously  a>me  to  the  conclusion* 
that  spinal  shock  has  nothing  to  do  with  the  injury  of  the  section,  and  that 
it  was  probably  caused  })y  some  intluence  exerted  by  tiie  mid-brain  on  the  lower 
centres.  He  shows  that,  when  recovery  from  a  traosectiou  of  tiie  cord  has  taken 
place,  a  aecond  tratiaeetion  just  below  the  first  has  practically  no  effiset. 

The  work  of  Pike  (1909,  1912,  1913)  shows  that  the  phenomena  are  not  due 
to  the  traumatic  stimulation  of  long  inhibitor}'  tracts  from  the  higher  centres 
to  the  spina!  cord.  He  looks  upon  the  normal  path  for  what  are  call*  ]  s|  in  d 
reflexes  as  having  been  diverted  in  the  (x>urse  of  evolution,  so  that  tiie  impulses 
do  not  pass  directly  across  the  cord,  but  ascend  to  the  higher  centres  first  and 
from  tbeee  return  to  tiie  motor  neurones.  The  direct  path  has  thus  become  more 
or  less  impassable  from  disuse,  but  it  can,  after  a  time,  regain  the  power  of 
conduction  to  a  certain  extent,  wlien  the  path  throuii;li  the  higher  centres  is  cut. 
Tins  ])oint  of  view  will  be  better  understood  when  Chapter  XV.  on  the  nerve 
centres  has  been  read.  » 

Xhe&rtiraie  if^ufily.— Sherrington  found  (1898, 1906,  pp.  299403)  that  when 
the  crura  cerebri  are  cut  through^  the  centres  of  certain  groups  of  muscles  are 
po  much  increa<;ed  in  excitability  that  the  ordinary  slight  stimuli  arising  from 
the  periphery  ai*e  sutticient  to  maintain  these  muscles  in  a  state  of  reflex  tonic 
oontractioQ.  The  centres  in  question  are  situated  somewhere  between  the  crura 
and  the  Iow«r  part  of  the  spinal  bulb,  but  not  In  the  cerebellum.  Undw  normal 
conditions,  their  excitability  is  restrained  by  the  inhibitory  influoioe  of  the 
cerebral  cortex. 

Weed  (1914)  comes  to  the  following  conchision',  as  the  result  of  extensive 
investigation.  The  main  reflex  centre  for  decereljiate  tonus  is  in  tlie  rnid-brain, 
probably  the  red  nucleus.  The  cerebellum,  although  not  the  abi*ulutely  essential 
'pathway  for  the  afferent  impulses  concerned,  is  the  most  important  one.  It  Is 
also  the  link  in  the  inhibitory  channel  from  the  cerebral  cortex,  which  prevents 
this  rigidity  in  normal  conditions. 

This  condition  of  decerebrate  riyidity**  \h  very  useful  in  tlie  investigation  of 
reflex  inhibition,  since  we  have  centres  in  a  stale  of  tonic  excitation,  which  can  be 
played  upon  by  the  stimulation  of  various  nerves.  We  have  seen  an  example  of 
this  in  Fig.  118  (page  410). 

The  Artion  0/  the  Axcxie. — Wo  have  seen  that  excitation  proceeds  from  the 
cathode.  The  simplest  way  of  showing  the  fact  is  by  the  use  of  the  device  of 
J.  S.  New  (1899). 

Since  excitation  is  associated  with  increased  concentratio&  of  cations  at  a 
particular  membrane,  it  is  natural  to  suppose  that  the  eflfoct  of  the  anode,  being  to 
decrease  this  concentration,  would  result  in  inhibttioo.  It  is  clear,  however,  that 
this  cannot  sliow  itself  unle.ss  the  tissue  is  in  a  state  of  excitation  when  the  anode 
is  applied.  Biedermann  (1895,  p.  227)  has  made  use  of  the  drug,  veratrine,  to 
produce  this  state  of  excitation  in  voluntary  muscle.  A  muscle  under  the 
influence  of  veratrine  gives  a  prolonged  oontrsction  in  response  to  a  single 
stimulus  and,  during  thi.s  state,  a  current  can  be  sent  through  the  muscle  in  such 
a  way  that  the  effects  of  the  anode  and  cathode  can  be  observed  separately.  Tt 
was  found  that  the  anode  causes  relaxation,  the  cathode,  increased  contraction. 
A  still  simpler  way  of  seeing  the  fact,  as  Biedermann  points  out  (1895,  p.  219),  is 
to  place  the  anode  on  the  beating  ventricle  <^  the  frog  s  heart,  the  cathode  on 
some  other  part  of  the  body.  It  will  be  seen  that  the  neighbourhood  of  the 
anode  remains  permanently  in  a  state  of  rdaxation,  while  the  remainder  of  the 
ventricle  underi,'o+^«  periodic  contmction. 

Another  aspect  of  the  action  of  tlie  anode  is  manifested  in  tlie  case  of  nerve. 
The  exciting  effect  of  a  constant  current  is  only  shown  when  it  is  made  or  broken ; 
in  other  w<nds,  while  it  is  really  constant  no  excitation  occurs.  It  must  change 
its  atreogtil  at  or  above  a  certain  minimal  rate  in  order  to  excite.  But  the  nerve 
IS  not  unaffected  during  the  period  of  a  constant  flow  of  current.    In  the 
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neighbourhood  of  the  cathode,  a  propagated  disturbance  can  be  set  up  by  a  smaller 
,  itamuluB  than  in  tlie  nonnal  steto^  and  in  the  neij^ibouiliood  of  the  anode  * 
stronger  stimulus  is  reqinied.  The  eieitability  is  increased  at  tlito  cathode; 

diminished  at  the  anode. 

Chemical  Ageyits. — We  see  then  that  inhibition,  as  well  as  excitation,  can  be 
brought  about  by  means  other  than  stimulation  of  nerves. 

YarioQB  ohemioal  agents,  as  we  saw  in  discussing  the  aeti«m  of  electroljrtes  ta 
general,  can  produce  a  state  of  inezdtability.  The  hypothesis  of  Howell,  as  to  the 
fonotion  of  potassiiim  in  the  action  of  the  vagus  nerve^  was  also  referred  to  in.  that 

connection. 

It  is  interesting  to 
note  that  ezcitatioD  hf 
chemical  means  can  be 
antagonises!  by  nerfttn^g 
inhibition,  as  shown  iaW 
Fig.  125,  which  shof-  ' 
that  the  excitation 
the  Taso-constricl 
centre  by  asphyxij 
blood  is  neutralised 
simultaneous  stimulatMil 
of  the  depressor 
(see  Baylies, 
319). 

Fig.  126  is  anot 
intei'esting  case, 
tracing  is  that  of 
respir&Diy 

<tf  the  sbp  of  the  dia^ 

phragm  in  the  rabbitK^j 
which  is  attached  to  tbaj 
end  of  the  sternum, 
used  by  Head  for  the 
investigation  of  respi- 
ratory reflexes.  At  the 
commencement  ol  the 
figure  it  is  completely 
relaxed  and  at  rest,  the 
vagus  nervos'  being 
intact  The  series  <rf 
contractions  was  caused 
by  the  administration  of 
air  containing  carbon 
dkudde.  Atxthevag«s 
nerves  were  cut ;  the 

muscle  is  seen  to  pass  into  a  state  of  partial  tonic  contraction,  owing  to  excitation 
from  the  respiratory  centre,  which  had  previously  been  inhibited  by  impulses  from 
the  vagus  endings  in  the  lungs.  A  second  inhalation  of  carbon  dioxide  excites 
respiratory  movements  of  the  slip,  and  the  point  of  interest  Is  that  its  tonus  is 
inhibited,  so  that  in  expiration  the  position  is  that  of  nearly  oomplete  relazation. 


FlO.     125.       AXTAOONISM    OF    DEPRESSOR    TXHIBmON  AND 
ASPHYXIAL  STIMULATION  OF  THE  VaSO-C0>'8T&ICTOB  CKj^TRB. 

— Ouruised  rtbbity  Arterial  pressare  curve. 
Dcpreiwr  Bthifinhtwl  trom  AtoD, 


The  preHure  would  hare  roiMlned  tiiroui^hout  at  the  levd  of  A  If  tha 
Mlillcbd  retpiraUon  bad  not  been  stopped  at  tJiis  point,  the  reialt 
of  the  ai^yxial  excitation  ia  to  bring  back  the  aixflrift]  preamxre  to 
normal.  ReajrfraUon  waa  reatuned  at  C,  and,  aa  th«  aaplqrxial  atate 
diaappcan,  the  depreaaor  fa]]  again  riMymltaall  untO  tiM  nnal  awMkttOD 
of  the  stimulus  to  the  nerve. 

(Bsylias,  1888»  Fig.  24.) 


THEORIES  OF  INHIBITION 

The  facts  brought  ont  in  the  several  cases  described  above  will,  as  it  seems  to 
me,  serve  to  show  that  it  is  not  to  be  supposed  that  the  inhiHtioii  of  a  process  is 

in  all  cases  effected  in  the  same  way.    A  general  theory  of  inhibitkin  is  thus 

improbable,  alth<Mii;h  there  is  no  doubt  that  all  the  ca.ses  have  the  same  essential 
basis  and,  wIkii  we  (-"nsider  that  the  process  of  inliibition  is  the  opposite  of  that 
of  excitation,  we  realise  that  when  we  kuuw  more  about  the  latter,  we  shall  know 
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more  about  the  former  also.  It  is  to  be  feared  that  the  consideration  to  be  given 
to  certain  theories  of  inhibition  will  leave  us  with  very  little  of  definite  value.  It 
is  necessary  to  do  this,  however,  since  some  theories,  proposed  as  of  more  or  less 
gf-neral  application,  will  be  found  to  be  inapplicable  to  any  case  whatever.  It 
appears,  on  superficial  examination,  that  we  must  consider  the  possibility  of  two 
different  modes  of  inhibition.  When  a  smooth  muscle  is  in  a  state  of  tonus, 
due  to  its  own  inherent  properties,  the  action  of  an  inliibitory  nerve  is  to  quell 
this  state  of  excitation  by  acting  on  the  excitable  substance  of  the  muscle  directly. 
When  the  state  of  excitation  is  due  to  the  action  of  an  excitatory  nerve  fibre  upon 
the  muscle  cell,  it  would  seem  more  appropriate  to  bl<x'k  the  point  of  synapse  where 
the  nerve  fibre  conveys  the  excitation  to  the  muscle.    Similarly,  a  nerve  cell  mav 


Fig.  126.   Tosrs  or  kespiratory  centre  and  eftect  of  the  vagus  nerve  thereow.— 
Tracing  of  diaphragm  slip  of  rabbit  by  Head's  method  (see  page  418). 

Movement  downwards  indicates  contraction  of  the  diaphragin. 

At  !be  be^nninir,  with  the  vaiKii*  nt- rves  intart,  the  slip  wa«  <  ompletel>'  relaxed,  ^howin^  verj'  mwll  rejipimtory 
w)ntra<:tiona.  The  series  of  larjfe  contractions  was  producea  by  the  addition  of  carbon  dioxide  to  the  air 
brtathed. 

At  < .  Che  vagi  were  cut.    It  will  l)e  noted  that  the  diaphra^i  jMusMcd  into  }Mirtia]  tonus. 

A  i^ind  inhalation  of  air  containing  carbon  dioxide  caused  increased  respiratory  nio\  enients,  and  it  is  interesting 

to  note  that,  1*1  ween  each  respiration,  the  lone  was  relaxed. 
Taat  marker  in  seiondj*  at  the  bottom. 

(Obtained  by  Prof.  Starling  in  a  demonfitration.) 

^  in  a  state  of  excitation,  due  to  chemical  changes  in  itself  or  to  chemical 
influence  of  constituents  of  the  blood,  and,  in  this  case,  inhibition  may  be  brought 
iUut  by  action  on  the  actual  cell  substance.  If,  on  the  contrary,  the  state  of 
excitation  is  due  to  nerve  impulses  acting  through  synapses  with  the  cell,  it  would 
y^xxi  to  be  a  simpler  hypothesis  to  suf)pose  that  the  action  of  an  inhibitory  nervo 
fibre  isexercise<l  on  the  synapse,  making  it  impermeable  to  the  excitatory  impulses. 
The  cell  substance  itself  is  thus  left  free  to  respond  to  other  stimuli.  It  does 
Dot  Beeuj  impossible  that  experiment  may  decide  whether  there  is  any  real 
distinction  of  this  kind,  and  it  is  quite  likely  that  it  is  the  synapse  that  is 
Concerned  in  all  cases.  Sherrington  (1906,  p.  103),  in  fact,  is  inclined  to  regard 
thf*  pitx-ess  of  inhibition  as  of  the  same  fundamental  nature  in  all  cases,  whether 
^^n  nme  cell  or  on  peripheral  muscle. 

I^hffsical  J nter/erence. — Altliough  it  is  po.ssible  that  this  view  is  not  seriously 
*'lT*>cated  at  the  present  time  by  any  competent  physi«»li>gist,  there  ai-e  still 
traf-es  of  it  to  be  found,  especially  in  certain  work  of  the  Verworn  school.  We 
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muRt,  therefore,  de%'otc  a  few  words  to  it.  It  is  a  familiar  fact  that  a  wave  in<^tir>Ti 
can  Ije  annulled  ]iy  unutlier  similar  wave  motion  of  the  name  perirxl,  if  the  |>ha>.e 
difference  is  of  lialf  a  wave  length.  In  this  case,  tlie  hollows  produced  by  the  one 
are  exactly  filled  up  by  the  crests  of  the  other.  But  it  is  essential  to  remember  that 
these  wave  motions  are,  both  of  them,  movements  to  alternate  positions  at  an 
equal  distance  on  apposite  sides  of  .a  n>ean  position,  and  that  it  is  to  this  mcxri 
position  that  the  proce^  is  redacted  when,  the  two  wave  motions  mutually 
counteraet  one  another. 

For  example,  take  an  alteniatiiig  electric  current,  as  perhaps  most  analogous  to  a  nerve 
impulse.  Tlu8  raises  the  potential  of  a  point  on  a  conductor  alternately,  say,  to  100  vott« 
above  the  potential  of  tho  eaitli  and  100  volts  })e!':)%v  this  value,  .\uother  siinihr  cnrr*»nt, 
with  a  phase  difference  of  huh  a  wave  lengthy  reduces  the  potential  to  a  constant  one  of 
that  of  the  euth,  that  in  to  cero. 

Now,  La  a  series  of  nerve  impulses,  the  state  of  excitation  is  merely  raised 
periodically  from  zero  to  one  of  a  ceHatin  potential,  and  by  no  possibility  could 
another  similar  set  of  disturlmnce^s  reduce  this  potential  to  zero.  Tn  .the  moat 
fftvourable  case,  it  could  bo  reduced  only  to  one-half  of  its  value.  Inhibition,  as 
Sherrinprton  point'^  out  (1906,  p.  99),  is  complete,  and  we  see  the  faet  in  Fii;"*.  107, 
113,  and  11^^.  Tliis  could  only  happen,  on  the  assumption  of  a  pri>cess  analogous 
to  physicul  interference,  if  we  could  apply  a  nerve  process  of  the  opposite  oatui^ 
to  that  of  excitation.  This  is  just  the  fact  which  has  to  be  explained*  We  may, 
then,  dismiss  the  hypothesis  aa  inadequate. 

It  will  bft  otoar  that  if  a  aerve  is  stinralated  at  the  same  momeiit  at  two  points 

A  and  B,  at  v>iw\\  distanees  on  opposite  sides  of  the  two  leading  off  eleotrodee,  0  and_D. 
the  wavuii  aniving  at  C  and  D  simultaneously  will  produce  an  eqnal  &11  of  eleotricai 

fotential  at  the  two  electrodes,  so  that  no  external  change  will  be  obvious.  It  is  incorrect, 
owever,  to  «j>'Mk  of  tlii<  as  an  "interference,"  a*'  i«*  sometimes  done.  It  is  also  unnecessarj 
to  point  out  liiai  the  uun  etfect  of  a  stiniulus  falling  in  the  refractory  period,  or  the  disappear- 
ance of  a  distnrbanoe  in  a  region  of  decrement,  oaonot  be  tpoken  of  sa  interference  in  any 
pbysioal  Moae. 

Tn  a  certain  sense,  the  refractory  period  after  an  excitation  is  itself  an 
inhibition,  since  tlie  excitable  tissue  is  incapable  of  entering'  into  activity  ;  so  that 
there  is  some  superficial  resemblance  to  inhibition  when  a  stimulus  applied  iu 
this  period  is  ineffective.  Bat  it  does  not  quell  a  state  of  excitation  already 
present^  as  a  true  inhibition  does. 

At  the  aame  time,  the  phenomenon  known  aa  the  "  Wedtn^ly  inhUntion"  requires  a  little 

c US'  1.  ivLt'-m.  Although  this  is  n  somewhat  Ri)ecial  case,  it  is  of  interest  as  slu.wiiig  t!ie 
complex  p<^biUtiea  involved  in  joint  action  of  refractory  period  and  "all-or-nothing  "  law. 
worked  ont  by  iidrian  (1013).  At  a  certain  stage  in  narccMSt  or  fatigue  of  a  nerve-rau!*cld 
preparation,  a  rapid  serie?  of  strong  stimuli  applied  to  the  nerve  produces  a  small  initiil 
twitch  onlv,  whereas  a  similar  series  of  weak  stimuli  pruflu<  es  a  continued  tetanus.  After  the 
fint ttimulus,  in  either  case,  a  refractory  period  is  present;  if  the  next  succeeding  stimulus 
is  strong',  it  \vill  set  up  a  propagated  disturbance  early  in  the  relative  refrActory  state,  but 
this  will  only  be  a  very  small  one  and  oon»e*iuently  unable  to  piiiw  tliu  region  ot  decremt-tit 
between  the  excited  spot  and  the  muscle.  This  region  of  decrement  may  be  in  the  place  of 
synapse  between  the  nerve  and  the  mu?cle,  or  in  a narcotifcd  area  of  the  nerve  it<jelt.  Although 
it  is  a  small  disturbance,  it  will  leave  behmd  it  a  refractory  period,  which  will  huve  the 
corresponding  effect  on  the  next  succeeding  stimulus  and  so  oifi  thus  no  excitation  will  reach 
the  muscle,  jf  the  stimuli  arc  weak,  on  the  contrary,  no  propfigatet!  disturbance  can  >>e  <!et  r.p 
by  any  one  until  the  refractory  period  is  praclically  at  au  end,  and  then  the  disturlja.iKo, 
althongh  set  up  by  a  weak  stimalus,  will  be  of  the  full  normal  magnitude  and  able  to  pass  the 
reL'ion  of  decrement  and  exnitc  tho  muscle.  Further  details  will  be  found  in  the  original 
paper  ;  those  given  alwve  will  suilice  for  our  preheat  purpose. 

The  experiments  of  von  Frey  n^7<o,  jireviously  referred  to,  were  undertaken 
to  test  the  hypothesis  of  an  interference  process,  in  which  the  excitation  aiid 
inhibition  were  supposed  to  act  on  the  same  cell  mechantsm.  It  was  found  that, 
if  the  vaso^xmstrictor  and  vasoHlirator  nerves  to  the  snhmaxillary  gland  wm 
stimulated  simultaneously!  the  former  obtained  the  victory  during  the  period  of 
stimulation,  but  the  latter  showed  their  effect  afterwards.  Now,  although  this 
result  is  inconsistent  with  a  purely  physical  interference  process,  which  should 
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result  in  a  total  abolition  of  the  dilator  effect,  it  does  not  disprove  the  hypotheSis 
that  tlio  f  xc  itat«iry  and  inhibitory  nerves  do  actually  play  on  the  same  muscle  cell 
or  lierve  cell,  although  not  iii  the  way  of  interference  of  wave  motion.  It  will.bo 
fbond,  in  fact,  that  experimental  results  necessitate  this  view.  We  must  remember 
that,  at  the  time  of  von  Frey*s  experiments,  it  was  not  known  tliat  the  activity 
of  the  gland  cells  gives  rise  to  certain  products,  "  metabolites,"  possibly  of  an  ncid 
nature,  which  difftise  to  the  arterioles  and,  acting  thei*e  as  chemical  agents,  cause 
dilatation.  Thiij,  naturally,  continues  its  action  after  the  actual  stimulation  of 
the  nerve  has  ceased.  Attention  has  b^n  directed  to  it  chiefly  by  the  work  of 
Baicroft  (1907). 

In  cases  where  a  process  is  a  spontaneous  one,  it  will  be  dear  that  it  will 

resume  its  activity  on  cassation  of  the  inhibitory  influence. 

There  is  nioi-e  evidence  in  favour  of  a  second  group  of  theories,  founded  on 
the  nuirUion  of  cells.  The  foundation  of  this  view  was  laid  by  Hering  in  his 
papers  on  seosatioDS  of  light  (1878)  and  worked  out  in  more  detau  in  a  celebrated 
paper  in  **  Lotos  (1889).  It  reRts  on  the  idea  of  the  opposition  between  assimila> 
Tion  and  dissimilation  in  Hering's  w<HtIs,.or  anabolism  and  catabolism  in  those  of 
<';i5>kell  fl88G,  p.  46).  Yerworn  has  adopted  it  and  elaborated  it  in  connection 
with  his  biogen  theory. 

There  are,  however,  many  objections  to  be  brought  against  the  theory.  In 
the  first  place,  we  may  consider  the  main  principle,  when  a  cell  is  actnally 
increasing  in  tlie  substance  of  its  protoplasmic  machinery,  there  is  no  doubt  cf 
the  fact  that  it  is  engaged  in  building  up  complex  systems  out  of  simpler  food 
materials;  t!ti;  i??  assimilation  or  anabolism;  it  may  be  considered  as  analogous 
to  the  manuiacture  of  a  petrol  motor.  Again,  there  are  certain  cell  processes 
about  which  there  Ciiii  be  no  doubt  that  they  consist  in  disintegration  or  breaking 
down,  with  the  giving  off  of  energy ;  the  oxidation  of  glucose  to  carbon  dioxide 
sad  water  is  such  a  case.  This  is  <ii><similation  or  catabolism.  Kowthe  theory 
'  f  Hering  is  based  on  the  idea  that  the  two  phenomena  are  mutually  exclusive, 
and,  no  doubt,  this  niiirht  l»e  the  case  if  the  molecules  in  question  were  of  the 
same  kind,  as  is  assumed  in  the  theory  of  biogens.  So  that  if,  as  is  pretty  clear, 
the  phenomena  known  especially  as  vital,  or  obvious  manifestations  of  activity, 
ve  associated  witJi  the  breaking  down  of  molecules  and  giving  off  of  energy, 
catabolic  action  will  be  synonymous  with  excitation.  Further,  if  we  accept  the 
view  that  building  up  of  new  material  is  inconsistent  with  catabolic  activity,  we 
are  ju^^tified  in  r^^nling  the  opposite  process,  or  anabolism,  as  being  associated 
with  inliil)ition. 

The  theory  also  supposes  that  both  these  processes  can  be  accelerated  or 
started  by  nervous  influences.  As  to  the  catabolic  processes,  there  is  no  dispute, 
but  we  have  already  seen  (page  288)  that  there  is  no  satisfactory  evidence  of  the 
direct  influence  of  rienTs  on  growth  of  piotoplasni  ("trophic  nerves"). 

We  have,  moreover,  also  found  evidence  in  ^arions  directions  that  material 
used  for  energy  purpo!?es  doea  not  become  an  integml  part  of  the  protoplasmic 
Okolecules,  but  is  us^  by  the  protoplasmic  machinery  in  a  way  analogous  t(»  that 
in  which  fuel  is  burnt  in  an  internal  combustion  engine.  Ine  building  up  of  a 
material  of  high  potential  energy,  for  the  purpose  of  giving  off  this  energy  in  an 
available  fi>rm  on  its  Vireak<h)wn.  appejirs  to  be  effected  by  the  concurrence  of 
another  reaction  in  whicii  energy  is  set  free  by  oxidation,  as  in  the  case  of 
accretion,  and  we  shall  find  a  further  striking  instance  in  muscular  contraction. 

Again,  it  is  Toty  difficult  to  f<vm  an  idea  of  bow  the  increase  <tf  anabolism  can 
ffvolt  in  a  decrease  of  catabolism.  Take  the  illustration  used  by  Forbes  (1912,  1, 
r  b'>2).  The  cell  is  compared  to  a  water  tank,  provided  with  an  inlet  pipe  and  an 
outlet,  v.  til  ^nj)plied  with  adjustable  stopcocks.  The  outlet  is  supposed  to  be 
partly  opened,  and  the  stream  of  water  represents  tlio  outgoing  energ)%  catalxdism. 
The  inlet  is  connected  with  a  supply  at  a  somewhat  higher  level,  and  is  opened  to 
ftch  an  extent  that  the  level  in  the  tank  is  kept  constant.  This  inflow,  anabolism, 
v  thus  equal  to  the  outflow.  Now  the  theory  under  discussion  implies  that,  if  we 
increase  anabolism  by  opening  the  inlet  wider,  we  shall  diminish  the  rate  of 
<Hit&ow.   In  point  of  fact^  of  course,  by  increasing  the  inflow,  we  raise  the  level  ol 
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water  iu  the  tank,  and  this  in  itself  increases  the  outflow  owing  to  tiie  rise  of 
driving  pressure.  That  is,  increase  of  anabolism,  or  rather  the  anabolic  state  of 
the  cell,  tnemwef  catabolism,  instead  of  deereaginff  it.  We  arrive  at  the  aune 
result  if  we  regard  the  process  from  the  point  of  view  of  a  reversiUe  chemical 
reaction.  Inci-eJisp  of  the  mass  of  a  material  undergoing  decomposition  w-ill 
increase  the  amount  of  decomposition  taking  place  in  a  given  time.  Indeed.  r>nt 
cannot  imagine  a  process  in  which  increase  of  activity  in  one  direction  necet^sariiy 
involves  decrease  in  the  opposite  one.  As  Forbes  puts  iti  to  assume  tb»t  incrotfe 
of  aoabolism  necessarily  implies  decrease  of  ci&bolism  is  to  suppose  thtt 
increasing  a  man's  salary  ensures  decrease  of  his  expenditure.  To  return  to  the 
tank,  suppose  that  we  reduce  catabolism  hy  narrowing  the  outlet,  the  level  will 
rise,  and  cousequentlj  the  intlow  will  diminish.  Tliat  is,  so  far  as  the  tank  it«di 
is  concefned,  the  effect  is  the  same  as  increasing  anabolism.  If  we  increase  the 
ont^ow,  we  increase  also  the  in6ow.  Indeed  it  ajqpears  as  if  Hering  had  fixed  his 
attention  too  exclusively  on  the  static  condition  of  the  protoplasm  of  the  cell, 
which  is  certainly  increased  in  amount  by  increasing  anabolism.  But  if  we  look 
at  the  really  important  dynamic  condition,  there  seems  no  doubt  that  increase  of 
analx>lism  must  also  increase  catabolism. 

There  are,  on  the  contrary,  certain  facts  which  must  not  be  overiooked,  whidi 
appear  to  support  this  nutrition  theory.  If  we  turn  to  Fig.  113  (page  405)  we 
notice  that  after  the  inhibitory  pause,  the  first  few  boats  are  larger  than  tli"^ 
preceding  the  pause.  It  looks  as  if  inliibition  had,  by  iucreasiug  the  contniciiit- 
material,  raised  the  functional  capacity  of  the  tissue.  Tlie  question  is  whether 
this  resvdt  Is  any  greater  than  it  would  be  after  an  equal  rest  produced  in  anj 
other  way.  A  furtiber  consequence  of  the  anabdic  theiny  would  appear  to  be 
that  the  longer  the  rest,  the  greater  the  subsequent  improvement.  In  Fig.  11' 
there  is  no  relation  between  the  two,  and  in  Fig.  109  of  Gaskell's  article  (!'.*'•' , 
p.  205)  the  first  beats  are  smaller  than  normal.  We  may  have,  in  fact,  after 
an  inhibitory  pause^  the  same  condition  .as  that  shown  by  the  "staircase" 
phenomenon  of  a  ventricle  which  has  been  at  rest  for  some  time^  owing  to 
separation  from  the  sinus. 

Tn  the  case  of  inhibitor\'  reflexes  to  skeletal  muscles,  we  frequently  find  a 
subsequent  augmentation  uf  contraction,  called  bv  Sherrington  "  succ  essive 
induction  "  or  "  rebound  contrHction."  Tlie  effect  of  iuhibiciou  of  various  durations 
on- this  phenomenon  has  been  studied  by  Forbes  (1912,  1)  and  several  impoftint 
fiMts  relating  to  inhibition  in  nerve  centres  have  been  brought  out.  There  an 
two  different  phenomena  concerned:  tbo  "rebound"  after  a  brief  inhibition, 
a  contraction  which  is  too  great  to  l)e  explained  by  mere  "danuning  up"  of 
"  energy "  j  and,  secondly,  the  effect  of  a  pi*oloDged  period  of  inhibifion  ou 
subsequent  excitation.  It  is  shown  that  this  latter  eflfoet  depends  on  the  strength 
of  the  stimulus  of  the  inhibitory  nerve.  If  moderate,  it  has  a  favouring  effect 
if  strong,  a  depressing  one;  so  that  there  is  a  "critical  value"  between  thet^^' 
where  no  effect  results.  An  important  fact  is  that  this  critical  value  is  !owere<J 
if  the  inhibitory  stimulus  is  accompanied  by  an  excitatory  one.  This  result 
indicates  that  the  two  kinds  of  synapse  have  a  more  or  less  clo«»e  relation  to  one 
anothw  and  will  be  found  to  have  a  bearing  on  the  theory  of  inhibition.  In  the 
depressor  reflex  on  the  Uood  pressure  in  the  rabbit,  I  found  (1893,  p.  320)  that 
th''  ^fate  of  the  « entro  was  the  same  before  and  after  sixteen  minutes'  continuous 
stimulation  of  the  inhil)itorv  nerve,  during  which  tiuje  the  centre  was  in  a  state  of 
iobibitioo,  as  iihown  by  the  unchanged  fall  of  blood  pressure. 

The  part  played  hy/ait^  is  of  interest  If  a  nerve  whrob  causes  an  exciUioi; 
reflex  be  stiumlated/fatigue  is  produced  after  a  certain  time.  Now  it  might  be 
thought  that,  if  an  inhibitory  nerve  be  stimulate*!  at  the  same  time,  fatigue  would 
be  diminished.  Forbes  shows  that  the  contrary  is  the  case.  Fatigue  comes  on 
earlier  (p.  170).  Further,  an  inhibitory  reflex  itself  is  capable  of  fatigue  (p. 
or  rather,  a  prolonged  inJiibition,  with  fairly  strong  stimulation,  diminishes  tli^ 
inhibitory  eflfoct  of  •  test  stimulus  made  immediately  afterwards.  To  interprst 
this  result,  we  must  bear  in  mind  some  facts  as  to  the  seat  of  fatigue.  As 
Sherrington  has  pointed  out  (1906,  pp.  103:105),  the  seat  both  of  exciUition  sa4 


Digitized  by  Google 


I 


EXCITATION  AND  INHIBITION 


423 


inhibition  is  not  in  the  actual  motor  neurone  itself,  but  in  the  synapse  of  the 
afferent  or  intermeiliate  neurone  with  it.  Thiij  fact,  in  itself,  is  difficult  to  hring 
into  agreement  with  any  recognisable  ajuount  of  metabolism,  a  conception  foreign 
to  that  of  a  boandanr  gurfooe.  The  motor  neurones  of  the  flexor  muscles  of  the 
hind  1^  can  be  used  for  the  scratch  reflex  wheo  inhibited  from  being  used  for  the 
ordinary  flexion  reflex.  Of  course,  strictly  speaking,  the  synaptic  membrane  is 
common  to  both  nourciiP'^  of  which  it  forms  the  connecting  link,  but  it  is  con- 
venient to  speak  of  eitiier  one  without  including  tiie  membrane.  When  fatigue  of 
a  particular  redex  is  brought  about  by  stimulation  of  a  certain  afferent  nerve,  it  is 
found  that  its  motor  neurones  are  not  fatigued  lor  a  reflex  brought  about  by 
stimulation  of  an- 
other .ifforont  Tif^rve. 
Simihirly  witki  mhib- 
itoxy  reflexes,  we 
most  oonelude,  then, 
that  the  synapses  of 
various  atlerent  (or 
intermediate)  neur- 
ones with  the  same 
motor  neurone  are 
practically  indepen' 

dent  of  one  aoouier. 

But   Vv  fnro  drawing 

conclusions  as  to  the 

irreconcilability  of 

fartigue  iritfa  inorease 

of  anabolism,  we 

must  remember  that 

there  are,  in  all  prob- 
ability, one  or  more 

intenniBdiate  near* 

ones'  between  the 

afferent  and  efferent 

ones.    And  although 

the  final  synapse  at 

the  motor  neurone  is 

inhibitory,  those  pre- 

oeding  it  are  excita- 
tory.     Since  all 

nerve  impulses  are 

of  the  same  excita- 

end  of  a  poriod  of  fttmulitlon  taitliur 
the  axis  cylinder        aeventeen  minutes,   purtag  the  whole  o<  thto  Uaia  the  Mood  pwww  fWhWd 


• 

• 

• 

(B»yli88,  1893,  Fig.  17.) 


Fio.  127.  Ttpical  roRM  of  tall  or  blood  riiESScrBB  pbooucsd 

BT  THS  DEPRESSOR  NERVE  IN  TKB  XtABfilT. 

toiy  nature,  that  in  the  tracing  shows  the  b<^K"<<>i>i»r  and  end 

seventeen  minutes.   Durfag  the  whole  < 
at  the  level  of  the  bottom  of  the  curve, 
proces-s  of  the  inter-  tta,totwrtw«on«ltotern*t 
mediate  neurone, 
which  Sonus  the  in- 
hibitory synapse  with  the  motor  neurone,  is  an  Mceitation,  and  therefore  that  st 
tiie  inteimediate  S3mapses  is  also  excitatory,  and  it  may  be  in  these  synapses  that 
tile  apparent  fatigue  of  inhibition  is  situated. 

In  some  other  cases,  there  is  no  indication  of  fatigue  in  inhibition.  Gaskell 
(1900,  p.  205)  has  kept  the  heart  of  the  toad  in  complete  rest  for  twenty-eight 
minutes  by  continuous  weak  stimalation  of  the  intracranial  vagua  In  vasomotor 
leflezes,  I  found  (1893,  p.  314)  that,  by  etimnlation  of  the  central  end  of  the 
depressor  nerve,  the  blood  pressure  was  reduced  to  about  half  its  height,  and 
remained]  at  this  1*  vol  without  change  for  seventeen  minutes  ;  when  the  stimulation 
Was  stopj)e(i,  the  lAotxl  pressure  returnwi  to  its  previous  level  (see  Fig.  127). 

In  the  interpretation  of  experiments  such  as  those  of  Forbes,  thci*e  are  two 
further  points  to  be  remembered.  The  **  subsequent  augmentatioo''  might  bare 
lieen  due  to  auto-stimulation  by  the  contracting  muscle  of  afeent  fibres  in  its  own 
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substance.  To  exclude  tliis,  the  experiments  were  repeated  on  preparations  in 
which  the  aflei*ent  fibres  from  the  mueele  had  been  cut.  No  difference  in  behaviour 
could  be  detected.  The  other  point  is  that  if  we  accept  the  results  of  varioos 
observers  on  "  all*or*notbing in  the  excitatory  process,  increase  or  decrease  in  the 
height  of  the  reflex  oontraction  most  mean  a  greater  or  emaller  number  of  cellt  in 
the  centre  in  a  state  of  activity.  It  would  appear,  thei*efore,  that  an  increased 
respon«!e,  following  a  peritxl  of  inhibition,  must  be  due  to  the  inliibitory  stimulus 
ha\  ing  made  some  synapses  accessible  to  excitation  which  were  previously 
inaccessible. 

Drainage  cr  JHvwnon  Tkmritt, — Anotbw  set  of  theories  is  based  on  the 
iilea  of  a  stream  of  excitation,  flowing  in  a  particular  direction,  being  diverted  to 

a  different  course  by  the  presentation  to  it  of  an  easier  way.  Apart  from  the 
"fuiimal  'spirits"  of  Descartes,  about  which  something  will  be  ^nid  later,  the  first 
t'oriii  in  wliich  the  theoiy  was  expressed  seems  to  be  that  of  William  James  08%, 
1,  p.  585,  fotitnute).  It  was  given  more  definite  expression  to  by  von  Uexkuli 
^see  1909,  p.  185),  who  uses  &e  names  ** tonus*'  and  ''exdta^on,"  whicfa  flows 
trom  one  part  to  another  of  the  neimvmusoolar  mechanisms,  and  by  McDon^dl 
(1903),  who  speaks  of  a  stream  of  "energy,''  to  which  he,  origiiiaUy,  gave  the  name 
"neurin." 

The  siIllple^t  illustration  we  can  take  is  that  cf  a  water  tank  feeding  a  fountain 
at  a.  lower  level  than  itself  j  there  is  a  continual  sireaui  of  water,  possessing  energy, 
passing  along  the  pipe  to  l^e  foontain.  If  the  gardener  opens  a  large  tap  on  Se 
course  of  tms  pipe^  in  order  to  fill  his  watering  can,  the  fountain  stops  for  the 
time,  since  the  pressure  in  it  falls  to  sero;  we  may  say  that  we  have  "inhibited* 
the  fountain. 

Now,  to  Ixiiiu  with,  I  find  some  difliciilty  in  discussing  this  view  of  the 
jjiechanism  of  the  nerve  centres,  because  the  conception  does  not  readily  fit  in 
with  what  we  know  of  the  nature  of  the  excitatory  process  in  nerve.  There  are, 
however,  certain  assumptions  made  which  cannot  WB  accepted  in  the  form  stated. 
It  must  be  admitted  that  von  Uexkull  (1909,  p.  58)  defends  himself  from  the 
imputation  of  using  a  misleading  image,  in  j^peaking  of  a  liquid  flowing  about  in 
the  nervous  system,  on  the  ground  that  the  object  of  science  is  not  *' truth"  but 
*'  order,"  so  that  we  must  accept  his  assurance  that  he  uses  such  expr^sious  as 
quantity"  and  "pressure"  of  exdtation  and  "varying  capacities  of  reservmrs" 
mwely  to  facilitate  the  description  of  ex|)eiimental  fects.  At  the  same  time, 
there  appeai-s  to  me  to  Ix'  a  fundamental  misooneeption  at  the  Imse  of  all  the<>ri6S 
of  this  nature,  namely,  tiiat  the  nerve  "energy  "  in  a  given  organism  is  a  definite, 
limited  quantity.  When  a  part  of  it  is  diverted  into  some  channel,  it  must, 
therefore,  be  drained  away  ^m  some  other  place.  But  there  is  no  reason  to 
suppose  tiiati  when  a  nerve  fibre  divides  into  two^  the  magnitude  of  the  propagated 
disturbance  is  diminished  to  half  in  eadi  of  the  branches.  Indeed,  Adrian's  result^i 
show  that  the  excitation  is  "all-or-nothiiig "  in  lM»th  branches;  since  it  cannot  he 
nothing  in  both,  it  must  be  "all  "  in  l)oth.  Similar  conclusions  are  forced  upm  us 
by  consideration  of  the  electrical  organ  of  Malapterurm  (see  Gotcb  and  Burcb,  1896, 
p.  387),  in  which  the  single  eflforent  nerve  fibre  divides  into  about  1,800  branches, 
one  to  each  plate  of  the  organ.  If  any  diminution  occurred,  the  whole  exdtatocy 
process  must  be  frittered  away  to  practical  non-existence.  If  there  is  no  diminution 
on  branching  of  the  nerve  finr»'  it  is  clear  that  adding  or  removing  a  branch  will 
have  no  etieet  on  the  disturbance  m  the  main  fibre.  The  process  is  more  analo£rf»us 
to  the  propagation  of  an  explosion  along  a  train  of  gunpowder,  which  can  be  made 
to  branch  as  many  times  as  desired  wiwout  affecting  the  intensity  of  the  ex|do8ioii 
along  the  main  track.  In  the  nerve,  of  course,  the  process  is  reversible  and  perhaps 
unaecompanied  by  evolution  of  energy,  thus  difforing  from  that  of  an  exfdosioB 
(see  page  396  above). 

The  use  of  tlie  w.inis  stream  of  eneigv"  is  also  inapprc>priate.  The  actual 
energy  involved  in  tlie  propagation  of  a  lierve  impulbe  is  quite  infinitesimal,  as 
we  have  seen.  If  it  be  said  that  the  words  are  used  metapliorically,  it  if 
misleading  to  take  a  word  winch  has  a  definite  quantitative,  mechanical  »»fp"^*^- 

Tbe  application  of  the  drainage  ^eory  to  explain  "reciprocal  innervslisii,'' 
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ill  which  ciLcitatiou  of  a  pai  licular  muscle  is  associated  with  inhibition  of  its 
■ntagpnist)  k  shown  by  McDougall  (1903,  p.  175)  in  an  ingenious  diagnun.  Tt 
diOWS  how  the  two  aro  always  aBS<K-iated  and  is  curiously  similar  to  that  of 
Descartes,  which  will  be  found  described  on  pncre  495.  It  implies,  however, 
that  all  case*'  of  inhibition  must  be  associatefl  with  excitation  somewhere  else. 
In  our  illustration,  '* inhibitiuu "  of  the  fountain  is  associated  with  "excitation" 
of  the  watering  can,  or  of  something  into  which  the  water  runs.  In  fact,  in 
McDougall's  scheme,  inhibition  of  a  centre  controlling  a  certain  muscle  can  only 
take  place  by  stronger  excitation  of  the  centre  of  its  antagonist*  Hiis  does  not 
agree  with  experimental  facts.  Slu  rrington  (1906,  p.  203).  moreover,  objects 
to  the  theory  on  the  ground  that  it  makes  inhibition  in  nerve  centres  a  different 
process  from  peripheral  inhibition  of  smooth  muscle,  heart,  etc.  In  these  latter 
csse8»  it  does  not  seem  possible  to  apply  the  drainage  tiieoiy.  Von  UexkuU, 
nevertheless,  does  apply  it^  in  his  form,  to  the  case  of  the  daw  of  the  crayfish 
and  in  the  following  way  (1909,  p.  213,  and  UexkUll  and  Gross,  1913,  p.  354). 
There  are  two  motor  nerve  tracts,  ending  at  ejirh  muscle  in  n  network.  These 
networks  are  connected  by  bridges,  so  that  any  fresh  excitation  <if  either  network 
suckn  oti'  the  remaimng  excitation  of  the  antagonist.  In  front  of  the  network 
ol  the  closing  muscle  there  is  a  block  of  high  resistance!,  w>  that  weak  stimuli  do  not 
reach  the  network.  The  chief  evidence  for  the  existence  of  such  bridges  seems  to 
lie  in  the  fact  that  direct  stimulation  of  tiie  opening  muscle  causes  contraction 
in  tlie  extensor  of  the  carpoyKKlite,  and  in  the  presence  of  dividing  fibres  in  tho 
trunk  of  tiie  nerve.  It  will  be  seen  tJiat  the  anatomical  facts  of  Bicdeniiaim  and 
of  Mangold  do  nut  support  tliis  view.  There  is  no  sign  of  anastomosis  of  nerve 
fibres  to  form  a  network,  nor  of  fibres  which  could  be  pointed  out  as  connecting  one 
nuiacle  with  tlie  other.  It  is  much  simpler  to  suppose  that  the  two  difierent  kinds 
ef  filircs  which  enter  tlie  same  muscle  fibre  have  opposite  functions  on  account  of 
the  dit^'t  renee  of  the  Avav  in  which  they  end  in  the  muscle  fibre.  If  earli  fibre 
01  the  larve  dividcfs,  aa  seems  most  probable,  a  branch  going  to  each  muscle,  it 
seems  tliat  axon-rcflexes "  in  Langley's  sense  (1899,  p.  388)  should  cause 
excitation  or  inhibition  of  the  antagonist  muscle  when  either  muscle  is  stimulated 
directly.  Which  of  the  twu  would  occur  would  depend  on  the  stroigth  of  the 
stimuiusi  as  in  Richet's  experiments* 

HofmAnn's  work  (1014),  indeed,  gives  us  definit«  information  on  this  question.  The  tWO 
cyliudei-s,  which  we  have  seon  to  run  together,  were  fuund»  in  the  case  of  ibe  opening 
niucle,  to  oome  from  two  aenantte  nerv«  trankSt  so  that  they  could  be  excited  each  apart 
from  thf-  r  thf  r.  '>nf  is  inhibitory,  the  other  excitatory.  There  is  no  nerve  network  in  the 
neighbourhood  01  the  mutscle.  It  was  found  tliat  the  axis  cj'linders  of  the  excitatorj*  nerve 
Mod  tranches  to  the  muscle  of  the  precediu;:  joint  of  the  appendage,  so  that  the  result  of 
von  Uexkfill,  described  abnve,  turns  ont  to  be  an  axon  refl»  y.  ai^'Bu^ffested.  Since  the  two 
opposing  muscles  are  innervated  by  the  same  axis  cylindei ,  wiueh  divides,  it  ia  clear  that  the 
simplest  explanation  of  the  facts  would  be  that  the  branch  to  one  muscle  is  excitatory,  that 
to  the  other,  inhibitory,  owing  to  the  way  each  ends  in  its  Tnu??cle.  Th\'J».  one  of  the  nerve 
trunks  is  excitatory  to  one  musolo,  inhibitory  to  its  antagonist,  while  the  other  nerve  is 
inhibitory  to  the  former,  excitatory  to  the  latter.  The  meohaoiani  is  peripheral,  instead  of 
osntral,  as  in  the  vertebrate. 

Blut^'^Lt  might  be  thought  that  a  very  simple  way  of  putting  an  end  to  the 
excitatory  im]'u1'-f'^  plaving  on  a  nt'r\  0  ceil  would  bo  to  make  some  synapse  in 
their  coui-se  imp*  i  vioub  to  excitation.  Sherrington  (19U6,  pp.  100-1U3)  holds  that 
inhibition  involves  more  tlrnn  this.  In  the  decerebrate  cat,  the  extenscvs  of  the 
knee  can  be  put  into  contraction  by  a  slight  pinch  of  the  opponte  foot.  The 
diflcharge  continues  for  some  time,  gradually  passing  off.  Bnt  if  the  central 
end  of  a  branch  of  tho  hamstring  ncrvo  of  the  same  leg  be  stimulated  f(»r 
a  quarter  of  a  second,  the  after  discharge  Is  suddenly  and  completely  inhibited. 
It  tseems  that  tlie  efferent  neurone  is  put  into  a  state  of  excitation  which 
continues  after  the  exciting  impulse  has  ceased,  and  that  this  state  of  excitation 
esn  be  quelled  by  inhibitory  nerves,  although  there  is  no  exciting  impulse  to 
be  blocked  off. 

In  view  of  Sherrington's  later  work  on  "riastic  Tonus,"  to  be  desri  ibed  in  Chapter  XVIII., 
it  mieht  be  suggested  that  this  after-disobarge,  being  itself  reflex  from  relators  in  the  muscle 
itself,  is  subject  to  the  same  prooeis  as  ezoitation  nron  other  soaroes.  Init  the  experiments 
ef  Forbes  (19ii^  I,     1€K!)  show  that  a  certain  amonnt  of  after-discharge  is  still  present  whan 
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tin  •flbnot  fibm  from  the  miuolo  hftve  bctn  dividod.  It  appean,  tlien»  that  there  U  difvot 
•videnoe  that  tin  prooen  of  inhihitloo  impltM  more  thfta  the  mere  oottiiig  off  of  tmpnlNB. 

In  a  somewhat  difTerent  sense,  howerer,  inhibitiOT  may  perhaps  be  regarded 

as  a  kind  of  block.  W,^  li  ivo  fonTv!  reason  to  look  upon  an  ^nfvap.p  of  rmf*«biHty 
of  a  membrane  as  an  intimate  part  of  the  excitatory  process,  and  inhibiiion,  as  the 
opposite  process,  would  thus  be  associated  with  decrease  of  permeabiUty.  But  this 
is  obviously  quite  a  different  matter  from  blocking  the  propa;,'at«d  dUturbMiee 
iteelf. 

Other  Contributions  to  the  Theoiy  of  Inhihxtum. — Although  the  protoplasm  of 
the  neurone  is  probably  a  liquid,  it  contains  various  substances  in  the  colloidal 
state.  Further,  we  have  seen  the  necessity  of  the  presence  of  electrolytes  to 
account  for  the  electrical  changes  in  nerve  Now,  tf  these  electrolytes  lower 
snr&oe  fan&mt  they  will  be  sdsorbed  cm  the  surfsoe  of  the  colloidal  p«rtie!e8  (see 
page  55).  This  is  the  foundation  of  the  theory  of  MaedoneM  (1905)  ss  to  the 
nature  of  excitation  and  inhibition.  This  investigator  points  out  (p  ^^"^t  )i'>w 
the  concentratio!!  of  p]e<"trolytes  in  the  external  phase  would  be  increa?5eil  it  any- 
thing in  the  nature  ui  aggregation  or  coagulation  in  the  nerve  colloids  occuri^ed. 
The  adsorbhkg  snrfoce  would  be  diminished.  Assuming  that  these  electrolytes  are 
essential  to  excitation,  it  will  be  seen  how  a  coagulation  process  would  be  associated 
with  excitation,  while  a  greater  dispersion  than  normal  would  l>e  Ttssociated  with 
greater  adsorption  of  electrolytess  and  inhibition  (Macdonald,  p.  348).  This  is  a 
brief  account  of  this  important  theory.  Details  of  its  application  require  more 
knowledge  than,  we  potaess  as  y«l  of  the  phenomena  taking  place  at  the  membraaes. 
If  we  place  the  seat  ol  excitation  and  of  inhibition  of  nerve  cells  at  the  synaptic 
membrane^  we  may  8upp(xm  that  the  ^stem  of  colloids  and  electrolytes  in  question 
either  forms  the  membrane  itself  or  is  intimately  associated  with  it. 

In  discussing  HilFs  nuxlified  form  of  Nenist's  equatioin  for  f^Tritation,  we  saw  (page  ?W4) 
that  it  oootains  a  constant,  C,  which  is  connectixf  in  some  way  with  od&orption  (ur  dis- 
appearsnoe)  of  ions.  Keith  Luoas  (1910,  p.  243)  shows  that  it  is  altered  by  removal  of  calcium. 
It  He^^ims  not  unlikely  that  eliange.s  in  tlie  value  of  this  &otor,  0»  might  be  made  use  of  to 

investigate  the  hyjxitliesi.s  of  Macdonald. 

With  regard  to  the  properties  of  the  si/nnpdc  niembram,  Keith  Lucas  (I'JI  I) 
points  out  that  it  must  present  a  greater  resistance  to  couductiou  than  the  axis 
cylinder  does ;  it  is  thus  similar  to  the  junction  between  nerve  and  muscle  or  to  a 
naioolased  region  in  nerve.  There  is  thus  a  possibility  that  it  might  obliterate 
very  rapid,  and  therefore  small  (see  Wedensky  inhibition,  pai»e  420),  nerve 
impulses,  so  that  they  would  not  get  through  the  .synapse.  Adrian  (191 -,  p.  411) 
calls  attention  to  the  fact  that  an  impulse,  if  it  has  been  able  to  pass  a  i-egion 
ol  decrement  at  all,  recovers  its  full  sise  on  arriving  in  normal  nerve 
a^ain;  so  that,  in  order  that  the  block  medianism  above  referred  to  may  be 
effsctiv^  the  impulses  must  be  reduced  to  zero  in  one  of  the  synapses ;  unless  this 
were  the  case,  it  would  not  matter  how  many  separate  regions  of  decrement  the 
impulse  had  to  traverse. 

It  cannot  be  said  that  any  one  of  the  theories  suggested  is  a  satisfactory  one. 
Perhaps  eBob»  when  modified  in  accordance  with  certain  important  parts  of  the 
others,  has  a  part  of  the  truth,  and  there  may  be  particular  fields  in  which  aspects 
ol  one  theory  have  more  part  to  play  than  in  other  fields. 

There  are  certain  facts  which  admit  of  no  duuht,  and  any  theory  nmst  rt^^kon 
with  these.  Tlie  function  of  any  particular  nerve  fibre  depends  on  its  termination ; 
the  nature  of  this  termination  determines  whether  it  excites  or  inhilnts.  In  the 
case  of  smooth  muscle  or  heart  and  certain  nerve  centres,  which  have  an  inherent 
state  of  excitation,  each  element  requires  two  nerve  fibres  to  modify  its  state, 
increase  it  or  decrea.se  it.  In  I.iangley's  view,  each  of  these  nerve  fibres  end^  in  a 
distinct  receptive  substance,  whose  qualities  determine  whether  the  etie<jt  is 
excitatory  or  inhibitoiy.  It  appears  also  tha<^  of  the  various  nerve  fibres  forming 
synapses  with  a  particular  nerve  cell,  each  has  its  definite  character  of  inhibitoo 
or  of  excitation.  In  such  cases  as  those  of  reciprocal  innervation,  Sherrington 
points  out  O'MKj,  p.  105)  tlmt  the  inference  must  be  mad*'  fh;it  each  afferent  nerve 
fibre  concerned  in  the  reflex  divides  into  two  parts  in  the  spinal  cord,  one  set  of 
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lihew  subdivisions  being  excitatory,  the  other  inhibitoiy,  in  respect  of  the  motor 

neurones.  This  is  similar  to  the  most  probaT)le  arrangement  in  the  crayfifih  claw, 
Dftmely,  that  each  ner%e  fibre  divides  into  two,  one  division  going  to  the  closing 
muscle,  the  other  to  the  opening  muscle ;  the  two  parts  into  which  each  fibre 
<fiTjdei  «e  ciways  one  ezcittttoiy,  the  other  inhibitory. 

MiduuIoT(1911)  deeoribes  two  different  kinds  of  nerve  endinss  in  the  muaotilsr  tiaaue  of  the 

Ledrt.  He  reganla  one  of  them  as  sensory,  the  other  as  the  inhibitory  endings  of  the  vagus.  It 
is,  of  course,  also  possible  that  th»»  fnfnn  r  might  be  the  terminations  r*f  the  sympathetic  supply. 

We  have  found  evidence  tiuit  tlie  membranes  which  are  the  seat  of  the 
excitut<;ry  process  are  of  such  a  nature  as  to  be  impermeable  to  one  only  of  the 
two  oppositely  charged  ions  into  which  certain  electrolytes  in  the  nerve  are 
diasociated.  It  ma^  possibly  happen  that,  when  the  impermeable  ion  is  allowed 
psHsage  by  the  arrival  of  the  propagated  disturbance,  it  produces  chemical  or 
pbv-'^  al  onnntres  in  the  substance  «>f  the  inhibitory  synapse  of  such  a  kind  as  to 
M;  !<  r  excitatory  synapses  on  the  -^ame  cell  incapable  of  undergoing  the  normal 
chauge  of  permeability  associated  with  the  passage  of  an  excitation.  In  the 
pvBwnt  state  of  knowledge,  it  is  unprofitable  to  foUow  such  speculations  &r,  and 
the  suggestion  is  made  nmly  as  an  indication  of  a  possible  mode  of  explanation* 

REVERSAL  EFFEC7T8 

AJthou^^  under  ordinary  conditions,  such  as  change  of  intensity  of  stiqiulius, 
altered  time  course,  and  so  on,  an  inhibitory  termination  of  an  aflerent  arc  cannot 
be  made  to  give  any  other  efilect  than  inhibition,  nor  an  excitatory  termination 
anything  but  excitation,  there  is  evidence,  Shoihngton  points  ont  (1906,  p.  105), 
tliat  inider  special  conditions  an  inhibitory  termination  can  be  nmde  into  an 
excitatory  one,  and  vice  versa.  Certain  drugs  have  effects  of  this  kind.  More 
orer,  from  the  cerebral  cortex,  antagonistic  muscles  can  be  put  into  action  at 
the  same  time.  We  saw  above  that  stimulation  of  the  central  ends  of  %'ariouB 
sfiorent  nerves  of  the  hind  leg  produces  inhibition  of  the  contraction  of  the 
«Mto«rureus  in  the  decerebrate  cat.  Now,  Sherrington  found  (1905,  p.  287)  that 
8  small  dose  of  strychnine  converts  this  effect  into  11  reflex  rontraciion.  I  found 
the  same  fact  in  uie  case  of  the  inhibition  of  the  vaso  constrictor  centre  by  the 
dspfsssor  nerve  (1908,  2 ),  and  Seemao^  (191P)  in  respiratory  reflexes.  Sherrington 
stto  showed  that  tetanus  toxin  does  the  same.  It  is  to  be  noted  that  the  vasto> 
crureus  is  a  purely  extensw  muscle  and  can  be  completely  isolated.  By  careful 
gradation  of  dose,  a  sta£»e  can  bo  o1>tHined  in  wMeh  the  inhibitory  eftVet 
diminished,  but  not  replaccni  by  excitation.  This  fact  st  i  ms  to  show  that  tlie  result 
in  not  to  be  explained  by  decreased  re^i^itance  allowing  tixe  htimulatiou  to  spread  to 
other  neurones  in  the  centre,  since  the  resistance  at  this  stage  is  increased. 
Anothw  possibility  is  that  the  afferent  nerye  stimulated  might  contain,  along  with 
the  Bbres  causing  inhibition,  others  causing  contraction,  and  that  the  effect  of 
strychnine  might  be  to  paralyse  the  inhibitory  reflex  fibres  or  svnai)ses  liefore  the 
excitatory  ones.  Now  these  inhibitory  fibres  would  be  associated  with  those 
csosing  contraction  of  the  flexoi^  and  no  trace  of  depression  in  the  force  of  the 
ilsxor  ooDtraotions  is  to  be  detected.  The  antagonist  muscles  are  simultaneously 
thrown  into  contraction.  I  have  shown,  moreover  (1908,  2),  that  the  strychnine 
reverstil  of  the  inhibition  of  the  vasomotor  centre  is  not  due  to  uiunasking  of 
excitatory  tibrea  mixed  with  the  inhibitory  ones,  by  paralysis  of  the  latter.  The 
dose  of  the  drug  required  in  the  rabbit  is  a  comparatively  large  one  and,  at  the 
tiae  ^t  the  reversal  is  most  perfect,  it  is  found  that  the  excitatoiT  vaso- 
floaitrictor  fibres  in  other  afferent  nerves  are  completely  paralyser],  so  that  the 
Mual  rise  of  pressure  from  ordinary  sensory  nerves  is  absent.  It  seems  on  the 
whole  that  the  view  taken  by  Sherrington  at  the  first  (1906,  p.  Ill)  is  the  most 
probable  one,  namely,  that  the  action  of  strychnine  "is  to  (X)nvert  in  the  spinal 
cord  the  process  of  inhibition — whatever  that  may  esseniialiy  be — into  the  process 
of  excitafeioa — whatever  that  may  essentially  oe.  The  reflex  nexus  was  pre- 
existent,  but  the  eflbct  across  it  was  signalised  by  a  different  sign,  namely,  mmm 
prior  to  the  strychnine  or  tetanus  toxin,  instead  ol  pluSf  as  afterwards." 
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In  a  later  paper  by  Sherrington  and  Owen  (1911)  the  impossibility  of  a  definite  deciiion  is 
pointed  out  until  we  have  a  nerve  which  cati  be  provetl  to  contain  no  atferent  excitatory  fiWres. 
Dlrychnine  also  reverses  the  inhibitory  component  of  reciprocal  innervation  in  the  starrish  and 
in  P/aum-ia  (A.  R.  Moore,  1919,  1)  and  in  the  earthworm  (Knowlton  and  Moore,  lUlT). 
Cushny  (1919)  holds  that  reflex  strychnine  tetanus  is  due  to  an  increatte  of  the  "start"  redex. 

Chloroform  is  well  known  to  be,  pharmacologically,  a  general  antagf>nist  to 
strychnine ;  it  is  not  unexpected,  therefore,  to  find  that  it«  action  on  nerve 
processes  is  the  reverse  of  that  of  strychnine.  I  showed  (1908,  2)  tliat  it  converts 
the  excitatory  component  of  a  vasomotor  reflex  into  an  inhibitory  one.  T}mt  is, 
the  rise  of  pressure  produced  by  a  nerve  which  excites  the  vaso  constrictor  centre 
is  converted  into  a  fall.  Examples  of  this  fact  are  given  in  Fig.  128,  from  a 
paper  by  Mathison  (1912),  and  Fig.  129  from  one  of  mine.  Similarly,  Sherrington 
and  Sowton  (1911,  2)  showed  that  the  reflex  contraction  of  the  vasto-crureus, 
svoked  by  stimulation  of  the  popliteal,  internal  saphenous  or  genito-cniral  nerve, 
was  converted  into  inhibition  by  the  administration  of  chloroff>rm. 

Reversids  of  this  kind  can  be  brought  about  without  the  influence  of  dnigs,  as 
3hown  more  particularly  by  Magnus  (1909).  The  dirwtion  of  the  movement  of  the 
tail  of  a  spinal  cat,  when  the  tip  is  pinched,  varies  with  the  position  in  which  it  hangs. 
The  movement  is  always  towards  the  stretched  side,  so  that  the  same  afferent  impuli* 
produces,  in  one  position,  excitation  of  those  muscles  which  are  inhibited  in  the  opposite 

position.  The  condition 
of  the  centre  must  \)C 
changed  by  receipt  of 
afferent  impulses  from 
the  stretched  muscle. 

Returning  to  the 
action  of  chemical 
agents,  Dale,  Laidlaw, 
and  Symons  (1910) 
describe  how  stimula- 
tion of  the  vagus  in  the 
cat,  under  the  effect  of 
nicotine,  causes  marked 
acceleration  instead  of 
slowing  of  the  heart.  ' 
This  may  be  due  to 
earlier  paralysis  of  the 
inhibitory  fibres  than 
of  supposed  accelerator 
fibres,  normally  masked. 
Or  it  may  be  a  reveml 
of  the  function  of  the 
inhibitory  fibres.  In  the 
latter  case,  we  should  have  an  instance  of  reversal  of  a  peripheral  muscular 
mechanism.  The  authors  named  are  incline<l  to  favour  the  former  hypothesis, 
but  it  dws  not  seem  probable,  d  priori,  that  fibres  acting  in  the  same  w'ay  as  the 
sympathetic  supply  of  the  heart  should  be  present  in  a  cranial  nerve. 

Again,  Dale  and  Laidlaw  (1911)  found  that,  after  a  dose  of  cytisine,  the 
alkaloid  of  laburnum  seeds,  stimulation  of  the  chorda  tympani  nerve  in  the  cat 
prociuces  no  secretion  while  the  stimulus  lasts,  but  is  followed  by  a  copious  6ow. 
A  renewed  stimulation  nearly  stops,  temporarily,  this  after-flow. 

The  authors  suggest  no  explanation,  but  it  seems  to  me,  although  I  admit  that  the 
suggestion  is  purely  hypothetical,  that,  if  we  regard  the  action  of  strj'chnine  and  of  cUoro- 
form  as  actually  reversing  the  sign  of  the  effect  on  a  nerve  cell,  why  should  we  not  accept 
the  poRsibilitv  of  similar  reversal  in  peripheral  inhibition  and  excitation  in  smooth  muscle 
and  heart  ?  If  this  bo  so,  the  above  result  on  the  salivary  secretion  might  easily  be  explained 
by  conversion  of  the  normal  vaso-dilator  action  of  th«  chorda  tympani  into  a  vaso  constrictor  one,  i 
the  diminution  of  flow  being  then  due  to  failure  of  blood  siipply.  This  hypothesis  might  be 
tested  by  determining  the  rate  of  blood  flow  under  the  conditions  of  the  experiment. 

Langley  (1911)  finds  that,  after  nicotine  or  curare,  the  normal  contraction  of 
the  bladder  produced  by  stimulation  of  the  sacral  nerves  is  followed  by  inhibition, 


Fio.  128.  Reversal  of  vaso  constrictor  reflex  by  chloroform. 

Stimulation  of  central  end  of  h>7>ofrIo<8al  nerve  in  the  rabbit. 

Left-hand  tracing— under  urethane  alone. 

Right-hand  tracing— under  3  per  cent,  chloroform  in  addition. 

(Mathison,  1912,  Fig.  2.) 

(By  the  kindness  of  Dr  Ninian  Bruce.) 
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and  that  the  presence  of  inhibitory  fibres  Is  not  a  satisfactory  explanation. 
Changes  in  the  sign  of  the  movement  of  ions  to  or  from  the  membrane  is  suggested, 
a  pnK'css  wliich  would  l)e  equivalent  to  reversal  of  excitation  into  inhibition, 
k  The  fact,  discovered  by  Dale  (1906),  that  ergotoxin  converts  the  normal  vaso- 
constrictor effect  of  the  aixlominal  sympathetic  nerve  on  the  hind  leg  into  a 
vasoKlilator  one  is,  to  my  mind,  more  consistently  explained  by  peripheral  reversal 
than  by  paralysis  of  vaso-constrictors  leaving  unmasked  vaso-dilator  fibres.  I  have 
been  quite  unable  to  find  any  evidence  of  the  existence  of  such  fibres  in  the 
abdominal  sympathetic  chain. 

Spfteth  and  Barbour  (1917)  have  shown  that  adrenaline  produces  contraction  of  the  melano- 
phores  of  a  fish,  Fundulus.  This  fact  indicates  that  they  are  modified  smooth  muscle  cells 
and  under  fiym|>athetio  control.  Previous  treatment  with  erj^'otoxin  not  only  altolishes  this 
cuntractile  action  of  adrenaline,  but  reverses  it  to  an  expansion.  The  interest  lies  in  the 
action  being  visible  on  a  single  cell. 


Flo.  120.    Three  stimulations  of  the  central  end  or  the  median 


NERVE  IN  THE  RABBIT.  • 
Upper  tracing— volume  of  the  kidney. 

I^ower  tra<*in);— arterial  pressure.    Zero  ia  23  mm.  l>elow  the  up^tcr  siifnal. 

The  first  stimulation  is  under  ether  alone.   There  is  a  rise  of  blood  pressure,  with  N-aso. 
constriction  in  the  kidney. 

The  second  is  under  chloroform.    There  is  a  fall  of  hlood  pressure,  with  voso-dilatation  in 
the  kidney. 

Third  stimulation  after  mrtial  re<'overy  from  chloroform  under  ether.    Preliminary  vaso- 
dilatation,  followed  by  a  lar^rer  vaso-constriction. 

(Bayliss,  1908.  2,  Fig.  24.) 

But  the  whole  question  as  to  the  mechanism  of  these  various  reversal  phenomena 
cannot  be  said  to  be  capable  of  decision  as  yet. 

Pearco  has  deacrilxMl  experiments  in  which  the  normal  action  of  adrenaline  on  the 

arteriole.-!  of  the  frog  appeare^l  to  l»e  converte<l  into  a  dilatation  in  the  absence  of  calcium. 
I  have  iKjen  unahio  to  conrirm  this  result.  Adrenaline  pro<iucc3  its  normal  effect  or.  the 
auricle  when  the  calcium  of  the  perfu.iion  fluid  is  reduced  as  far  as  possible  without  cessation 
of  the  beats. 

EXCITABTLITY  IN  PLANTS 

The  mechanism  by  which  movements  are  produced  in  plants,  especially  in 
the  higher  plants,  will  bo  discussed  in  the  next  chapter.  The  nature  of  the 
excitation  pi-ocess  concerns  us  here. 
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That  it  is  essentially  similar  to  that  in  the  animal  is  indicated  by  the  fact  that 
vegetable  protoplasm,  in  a  state  of  excitation,  is  electrically  negative  to  that  at  rest. 
This  is  shown  by  the  observations  of  Hdrmann  on  Nxiella  (1898,  pp.  69-79).  A 
stimulus  at  a  point  sets  a  wave  of  excitation  in  progress,  accompanied  by  a  state  of  • 
electrical  negativity.  This  electrical  state,  so  far  as  could  bo  ascertained,  precedes 
the  cessation  of  movement  caused  by  the  stimulus.  In  these  cells,  the  streaming 
movement  corresponds  to  the  contractile  properties  of  a  muscle  fibre  and  is,  as  we 
have  seen,  something  added  on  to  the  simple  excitatory  process  as  it  shows  it^telf 
in  nerve.  Similar  conclusions  are  to  be  drawn  from  the  work  of  Burdon-Sanderson 
on  the  leaf  of  Dioiuea  muscipula  (1882  and  1888),  whose  leaves  shut  up  rapidly 


Fin.  130.    Electrical  chanoes  ix  tut:  leaf  op  Dionjsa. — Corresponding  points  on  the 
under  surface  of  each  lobe  led  oflF  to  capillary  electrometer. 

a,  StiiDutated  inerhanically  (our  timet  on  ri(;ht  side.    Dipbanc  etfecl  dae  to  exdutory  proccM  urixing 

at  each  electrode  in  turn. 

b,  8tinuinte<l  on  ri^rht  and  left  Kide«,  alternately. 

e.  Stimulated  on  left  side,  four  times.  • 

Time  siimal— twenty  per  second. 

(Burdon-Sanderson,  1888,  Figs,  8,  9,  and  10.) 

when  (f  fly  touches  certain  sensitive  hairs  on  the  upper  surface.  By  placing' 
electrodes  on  opposite  lobes,  and  stimulating  the  neighbourhood  of  each  electrode 
in  turn,  it  was  shown  that  the  excited  spot  becomes  first  negative,  then  positive, 
as  the  wave  of  excitation  reaches  the  other  electrode  (see  Fig.  130);  just  as  was 
de.scribt'd  alx)ve  for  nerve  and  muscle.  It  is  pointed  out  that  this  wave  of 
excitation  precedes  the  change  of  form  and  travels  at  a  much  faster  rate.  Visible 
change  of  form  was  prevented  by  a  cross-bar  fixed  between  the  lobes. 

It  is  a  familiar  fact  that  plants  in  general,  root,  stem,  leaves,  and  flowers, 
respond  to  gravity  and  to  light,  and  in  various  ways.  Certain  oi  them,  as  the 
climbing  plants,  and  especially  the  "  sensitive  plant,"  and  Dio7UEa,  respond  to 
tottch  by  more  or  less  rapid  movements. 

Now  this  response  is  not  confined  to  the  part  actually  stimulated,  but  the 
excitation  is  conducted  to  more  distant  parts.    For  a  description  of  the  various 
phenomena  concerned,  the  reader  is  referred  to  the  book  of  Pringsheim  (1912). 
e  are  chiefly  interested  here  in  the  e.vcitatory  process  itself. 
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It  i»  fuuud  iliut  a  stimulus,  such  as  gravity  or  light,  re<|uire8  to  act  for  not  less 
tluui  a  certain  time  in  order  to  have  any  elfect  at  aJl.  This  mininram  tinie  ^ 
known  as  the  "  presentation  tame."  Further,  however  long  a  stimulus  is  appliedi 
no  effect  is  produced  until  an  interval  of  time  has  elapsed  since  the  beginning  ol 

the  Btimulation.    TViif?  is  the  "reaction  time." 

There  are  no  special  channels  for  conduction  of  excitatory  proeebs*  like  the 
nerves  of  animal  organisms.  Conduction  appears  to  take  place  througii  ihe  cell 
protoplasm,  which  must  be  living.  In  the  stem  of  Troduom^  virf^ntoo^  the 
curvature  which  takes  place  under  the  stimulus  of  gravity  takes  effect  on  the 
next  intcrnode  below  the  one  stimulated,  and  the  transmission  is  abolished  by 
local  amesthesia  of  a  spot  between  the  two.  Similarly,  liirht  stimulus  acting  on 
the  stem  of  the  Dahlia  is  transmitted  t<j  the  root.  A  curious  fact,  whose  probable 
explanation  will  be  given  in  Cliapter  XVII.  on  receptor  organs,  is 
that,  at  the  temperature  of  0'  or  in  an  atmosphere  of  hydrogen 
V  carbon  dioxiaei  no  effect  is  produced  until  the  temperature 
IS  rai<;ed  or  oxygen  supplied,  respectively.  But,  although  the 
actual  stimulus  may  have  ceased  before  the  change  of  conditions, 
the  effect  shows  itself 

When  light  stimulus  and  gravity  stimulus  act  together,  the 
former,  as  a  rule,  oomplet'dy  overpowers  the  latter. 

Tho  manner  of  conduction  has  been  a  subject  of  dispute.  In 
the  case  of  the  sensitive  plant,  it  was  originally  held  by  Pfetfer  and 
bv  HaWrlandt  that  the  transmission  wa^  mechanical,  bv  a  move- 
ment  of  water  in  tubes  of  the  vascular  bundles;  but  the  abolition 
<»f  power  of  conduction  by  local  anesthesia  is  strong  evidence  that 
it  takes  place  through  protoplasmic  structures.  It  is  known  in 
many  cases  that  the  prot<»pla.vm  of  neighbouring  plant  cells  is  united 
by  strands  passing  through  holes  in  the  cell  walls  (see  especially  tlio 
work  of  Gardiner,  1884).  Fig.  131  shows  tiie  structure  of  a  tissue 
of  this  kind.  Further  details  as  to  the  mechanism  of  conduction 
'Will  be  found  in  the  essay  by  Fitting  (1906). 

In  connection  with  the  increase  of  per« 
meability  which  we  have  seen  to  occur  in 
the  state  of  excitation,  the  mechanism  of  the 
movements  of  the  sensitive  plant,  investi- 
gated by  Piellcr  (1873),  is  of  interest.  As 
we  have  seen,  the  vegetable  cell  is  main- 
tained  in  a  state  of  turgor  by  means  of  the 
osmotic  pressure  due  to  the  presence  within 
it  of  substan'-e'^  in  solution,  and  to  the  im- 
permeability »>t  tiie  cell  membrane  to  these 

solutes.  Since  the  cell  wall  surrounding  each  is  incapable  of  any  considerable 
sitretching,  a  pressure  in  the  interior  results.  A  mass  of  odls  with  such  a  turgor 
well  developed  exists  at  the  lower  side  of  Ciich  movable  joint  in  the  leaf  of  the 

plant  The  cells  un  the  upper  side  are  less  turgid.  When  stimulated,  the  cell 
membrane  of  tlie  lower  cells  suddenly  loses  its  semipermeable  character,  as 
regards  the  solutes  of  the  cell  contents,  with  the  consequence  that  the  internal 
pressure  can  release  itself  bv  filtering  solution  through  the  membrane.  Drops 
appear  on  a  cut  surface  and  the  weight  of  the  leaf,  being  no  longer  supported 
by  the  distende<l  cells,  causes  it  to  fall. 

V.  H.  Blackman  and  Paine  (1918)  hold  that  the  loss  of  turgor  is  due  to 
a  de<.'rease  in  the  osmotic  pressure  of  the  cell  const  it  uents,  rather  than  to  their 
actual  escape,  which  is  uut  great  enough  to  account  for  tlie  effect. 

Another  phenomenon,  which  may  be  in  some  way  connected  with  changes  of 
permeability,  is  the  oxidation  reaction,  described  by  Czapek  and  Px-rtel  (1906).  If 
longitudii  ril  sections  are  cut  from  the  root  jK>int  of  lupin  seedlings,  it  is  found  that 
♦hf'ir  f  .  lis  Ix'come  brown  on  boiling  with  ammoniacal  silver  nitrate,  owing  to  the 
pr*  senee  of  a  re<lueing  substance,  if  the  root  has  been  stimulated  geotropically, 
tiie  dark  stain  is  more  intense. 


FlO.  131.    SlSVB  TUBS. 

The  protoplasts,  contracted  by  the  action 
of  alcohol,  adhere  to  the  transverse 
wall,  and  that  of  each  cell  is  con- 
nect«1  to  the  other  by  delicate  proto- 
plasmic tilaments,  passing  tbrongh 
the  pores  of  the  cell  wall. 

Magnified. 

(From  Tiniiriazetr.) 
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This  was  due  to  horaogentisic  acid,  produced  from  tyrosine.  But  the  OH-group 
in  the  latter  is  in  the  para-position,  in  the  former  in  the  nieta-pos  :ion.  If,  however, 
the  OH  be  first  removed  from  tyrosine,  phenyl-alanine  is  forme*  ,  and  from  this,  by 
de-amination  and  oxidation,  homogentisic  acid  might  be  produc  d  thus : — 


0 


I 

CHXHa 
I 

COOH 
Phenyl  alanine. 


OH 


OH 


COOH 
Phenyl-a-oxvpropiooio 
acid. 


OH 


:ooH 

Uroleucic 
acid. 


lomogentisic 
acid. 


After  the  actit)n  of  gravity,  then,  there  is  more  homogentisi<  acid  found  in  tlu' 
root  than  nornmlly.  This  is  interpreted  as  follows  :  homogenti  sic  acid  is  oxidist^l 
to  carbon  dioxide  and  water  in  the  resting  cells  ;  iiniler  the  action  of  gravity, 
an  "anti-oxidase  "  is  f<»rine<J,  which  inhibits  the  normal  oxidati  on  pr«»cess.  Since, 
as  we  have  seen,  the  existence  of  specific  anti-enz\nnes  is  e::tremely  doubtful, 
it  would  l)e  more  correct  to  say  that  the  action  of  gnivity  caused  the  ap|)eanuice 
of  some  substance  which  retards  the  action  of  the  oxidase.  A.  similar  etfect  was 
produced  by  hcliotropic  stimulation.  Prevention  of  movement  dt)es  not  alter  the 
reduction,  so  that  this  is  a  result  of  excitation  as  such. 

Homogentisic  acid  plays  a  part  in  the  normal  oxidation  of  tyrosine  in  the 
animal  organism  (see  Garrotl,  1901),  pp.  41-81),  since,  in  certain  inlxjrn  err»r8 
of  metalxjlism,  the  enzyme  responsible  for  the  further  oxidation  of  homogentisic 
acid  is  absent,  and  administration  of  tyrosine  increases  the  output  of  homogentisic 
acid.  In  Garrml's  b<x>k  (p.  78)  another  m«Kle  of  cimversion  of  tyrosine  into 
homogentisic  acid,  through  para-oxyphenyl-pyruvic  acid,  is  given. 


SUMMARY 


Automatic  cell  processes  require  the  provision  «»f  means  of  i*egulati«^»n  in  two 
directions,  increase  and  decrease.  The  former  is  called  "excitation"'  and  the 
latter,  *' inhibition. "  A  process  which  is  set  into  action  by  iutiuence  fn»m  without 
may  also  be  stopped  by  inhibition  of  the  external  influence. 

Processes  of  a  non-living  nature  are  also  capable  f>f  nnxiification  in  two 
directions  by  external  action,  as  in  the  familiar  case  of  revei'sible  reactions. 

Strictly  speaking,  all  living  protoplasm  is  able  to  respond  to  external  clianges 
("stimuli"),  but  the  name  of  "excitable"  tissues  is  given  for  convenience  to 
those  which,  like  muscle  and  nerve,  respond  by  rapid  changes. 

Nerves  are  especially  present  for  the  purpose  of  conducting  a  stimulus  from 
the  place  of  application  to  more  distant  parts  of  the  organism  and  bringing 
the  various  constituent  parts  into  relation  with  one  another.  Thev  really 
constitute  the  excitable  tissue,  jxir  excellence,  since  they  have  no  other  function 
to  pei-form. 

A  nerve  when  disturl)ed  at  a  point  conveys  some  sort  of  change,  the 
propagated  disturl)ance  or  nerve  impulse,  along  its  course  to  the  place  whore  the 
nerve  fibres  tenuinate,  and  the  tissue  in  which  the  fibre  ends  Ls  e.xcited  oi* 
inhibite<l  according  to  the  particular  manner  in  which  the  fibre  is  connected. 
Of  course,  the  kind  of  activity  whi<"h  is  set  g«»ing  or  .stoppe<l  depends  on  the 
cell,  nerve  cell,  nuisde  fibre  or  gland  cell,  etc. 

Tliere  is  no  visible  change  in  a  nerve  as  the  impulse  traverses  it.  Indeed,  one 
kind  of  change  only  has  Ix-en  definitely  sln>wn  to  take  place,  an  eWtrical  one,  in 
which  a  spot  in  activity  is  electro-negative  to  one  at  rest.  Certain  conclusions  as 
to  the  nature  of  the  pn)ccss  can  be  drawn  from  this  fact,  taken  in  connection  vith 
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the  way  in  which  the  serve  responds  to  stimulation.  There  ie  no  heat  produced, 
and  the  eyolntion  of  carbon  dioxide  Is  qneetionable. 

Tlu-  various  practical  roetbrxls  of  setting  up  a  propagated  disturbance  in 
excitable  tissues  are  described  in  the  text. 

There  are  qp  differences  of  degree  in  the  state  of  ^[citation  of  a  nerve  or 
muscle  cell  in  a  given  state ;  a  stimulus  either  produces  the  maximal  effect  that 
the  tinmic  is  capable  of  in  this  condition,  or  no  response  at  all,  in  the  way  of  a 
propagated  disturbance.  Nevertheless,  a  btiumlus  too  Nveuk  to  du  tliis  leaves 
bdund  a  local  change  at  the  point  of  application.  Degrees  of  ccmtraction,  produced 
in  a  muscle  by  di&rent  intensities  of  stimulation^  are  due  to  the  activity  of  a 
larger  or  smaller  number  of  fibres  in  the  nerve  or  mu.scle. 

A  narcotised  region  of  nerve  reduces  the  intensity  of  a  propagated  disturbance 
as  it  passes  along  it,  so  that,  if  long  enough  or  sutticiently  deeply  narcotised,  it 
abolishes  the  disturbance  altogether.  But,  if  an^'  state  of  excitation  is  left  at 
all,  the  disturbance  returns  to  its  oi  iguial  magnitude  when  it  enters  a  normal 
region  again. 

It  appears,  then,  that  the  degree  of  acti^itv  of  a  tissue  supplied  by  nerves 
depends  only  on  the  number  of  tissue  cells  actedi  upon,  and  on  the  state  of  these 

particular  cells  ;  not  on  any  difference  of  degree  in  the  stimuli  reaching  a  given 
cell.    It  should  be  mentioned  that  this  view  is  not  accepted  by  all  investigators  so 

far  as  it  applies  to  reflexes  finm  tlie  central  nervous  svstem. 

All  excitable  tissues  are  incapable  of  response  to  a  second  btimulus  applied  at 
a  short  interval  of  time,  differing  in  different  tissues,  after  a  previous  one.  This 
is  the  "  refractory  period,"  and  consists  of  a  first  part,  where  no  strength  of  stimulus 
whatev^  will  excite  absolute  refractory  state and  of  a  second  part  ("  relative 
refractory  state where  stimuli  stronger  than  normal  are  required.  The 
disturlwinces  set  up  in  this  latter  period  are  smaller  than  normal,  but  cannot  be 
made  greater  than  those  set  up  by  a  stimulus  just  sutlicieiit  to  excite,  however  the 
stimulus  is  increased.  Their  magnitude  increases  progressively  up  to  the  end  of 
the  refractory  period. 

The  refractory  state  is  not  only  local,  but  follows  the  propagated  disturbance  as 
it  passes  along  tlie  nerve  fibre. 

The  q;uestion  of  fatigue  of  nerve  fibres  is  somewhat  disputed.  l%ere  is  some 
evidence,  not  altogether  convincing,  that  oxygen  is  neoessaiy  for  the  continuance 

of  the  excitability  of  a  nerve  fibre. 

The  electrical  negativitv  associated  w  ith  the  pass^ige  of  an  iTn]>ulse  is  followed 
hy  a  iitatc  of  increased  po.sitivity,  the  explanation  of  which  is  nut  yet  clear. 

The  passage  of  the  nerve  impulse  takes  time,  the  rut«  being  increased  by  rise  of 
temperature.    The  temperature  coeflScient  is  1*79  for  10°  C. 

There  i^i  evidence  that  the  state  of  excitation  is  accompanied  by  increased  <^ 
permeability  of  the  cell  membrane.   If  the  membrane  be  impermeable,  at  rest^ 
to  one  only  of  the  ions  of  an  electrolyte  within  the  cell,  the  membrane  is 

"polarised,"  and  the  "current  of  rest,"  "injurjj  current,"  or  "demarcation 
current,"  is  accounted  for.  If  this  semipemieability  is  alx)li.shed  in  excitation, 
the  "  negative  variation  '  can  be  accounted  for,  and  also  the  diminished  poiaris- 
ability  in  this  state. 

A  certain  formula  was  put  forward  by  Nemst  to  express  stimulation  bvan 
electrical  current.  The  basis  of  this  expression  is  a  movement  of  ions  to  or  from 
a  semipermeable  membrane  and  is  suggested  a'^  an  appixjxiuuition  only.  Taking  • 
further  known  facts  into  consideration,  A.  V.  Hill  modified  the  formula  in  a 
way  which  was  found  by  Keith  Lucas  to  satisfy'  most  cases  of  experimental  t^t. 
The  factors  playing  a  part  are  the  number  of  10ns  and  their  charge,  the  distance 
between  the  membranes,  and  the  distance  of  the  place  where  the  concentration 
takes  place  from  the  membrane  under  consideration,  the  rate  of  movement  of  the 
ions,  and  a  factor  fxpressing  rate  of  "recombination"  of  ions.  This  last  factor 
is  probably  an  adtiOiptioa  iu  the  sense  of  Macdonald's  theory. 
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Various  excitable  tissues  differ  in  the  rate  of  incidence  of  tMr  "optimal" 
stimuli,  that  is.  the  .stimuhis  which  cxcitt's  M"ir}i  tlif»  lc?!vt  «•  ypf>ruhtiire  of  energy. 
This  Ls  Wttller'8  "  characteristic,"'  and  is  included  in  liie  nioditied  ^Neruiit  fonoulii. 

Tho  function  of  the  modullarv  sheath  is  still  prohlfiiuitical,  ahhougli  it  appears 
to  have  h  function  in  cunnectiMn  with  the  growth  of  tibres.  The  axis  cylinder 
is  probably  of  a  liquid  nature,  but  colloidal.  There  is  no  evidence  of  the  (}xii>U;nce 
of  **neurO'fllnil8''  in  the  living  state. 

The  nenre  impulse,  as  it  travels  along  a  fibre,  seems  to  be  a  reveniUoi  phjsio> 
chemical  process,  not  associated  with  metabolic  changes ;  bat  the  qneation  is  not^ 
as  yet,  altogether  decided. 

A  distinction  must  be  made  between  the  local  pnx^ess  at  the  spot  stimulated 
.'ind  the  propH!2:nted  change.  The  former  is  confine^!  to  the  stinuilatcd  spot,  an<l 
retjuiiTs  a  certain  small  expenditure  of  energy  to  !>ei  it  up.  When  set  up,  it 
sufficiently  intense,  it  pnwluces  a  projwgated  disturbance.  There  is  no  convincing 
evidence  that  the  latter  is  attended  with  any  consumption  or  evolution  of  energy. 

In  muscle  there  is  an  excitatory  process  essentially  like  that  in  nerve,  and, 
superadded  to  this^  a  contractile  process,  which  has  a  latent  period  and  is  assodated 
with  metabolism,  with  its  accompanying  heat  production  and  fatigue.  The 
forme  1'  process  may  be  present  without  visible  contraction. 

There  are  certain  other  excitable  substances  which  intervene  between  nerve 
and  muscle.  These  are  en  Hod  "  receptive  substanoes  "  or  the  "  my  o  neural  junction.  ' 
Their  existence  can  be  sliown  by  their  reaction  to  various  drugs,  and  by  their 
different  optimal  rates  of  stimulation.  The  muscle  fibixi  has  a  low  optimal  rate, 
the  nerve  trunk  one  of  a  rather  higher  valu^  while  the  intermediate  substanoe 
has  a  very  high  one.  These  r>ptimal  rates  have  been  shown  by  Keith  Locas  to 
He  functions  of  the  rate  of  diffusion  of  the  ions  concerned  in  the  excitation  praoeasy 
4ic<;<jrding  to  the  concepticm  of  Nernst. 

There  is  a  membi'nne  intervening  lietween  the  nerve  ending;  and  the  muscle 
fibre  tsupplied  by  it,  as  also  between  one  neuinjue  and  the  fibre  connecting  it 
with  another  neurone.  This  membrane  is  called  by  Sherrington  the  "synaptic 
membrane." 

The  essential  proceeses  connected  with  inhibition  must  be  of  an  opposite  kind  to 

those  connected  with  excitation.  Various  theories  have  been  propoonded,  from 
different  points  of  vmw,  as  to  what  is  the  basis  of  inhibition. 

In  the  text,  a  number  of  illustrations  are  given  to  show  the  different  aspects  of 

inhibition,  as  it  affects  peripheral  muscular  organs  directly,  and  as  it  affects  nerve 
centres  acting  on  these  organs  through  nerves.  Also  as  it  affecti*  the  nerve 
centres  controlling  those  peripheral  organs,  such  as  skeletal  muscle,  which  have 
no  automatic  activity  of  their  own. 

That  the  excitatory  and  inhibitory  influences  act  on  the  same  cell  is  shown, 
amongst  other  facta,  by  the  capability  we  have  of  exactly  neutralising  the  effect 
of  stimulation  of  the  one  nerve  by  simultaneous  stimulation  of  the  one  having  tha 

opposite  effect.  • 

The  state  of  excitation  of  a  nerve  centre  causing  peripheral  inhibition  can  be 
itself  inhibited  by  nerves  acting  on  this  centre,  so  that  we  have  "inhibition  of 
inhiliition."  It  seems  probable  that  au  intermediate  neurone,  inhibitiiig  a 
particular  motor  neurone^  may  itself  be  inhibited  by  an  afferent  neurone  and 
thus  the  inhibition  of  the  motor  centre  may  be  taken  o£ 

Higher  centres  in  the  nervous  ^tem  influence  lower  centres,  either  increaaing 
or  decreasing  their  excitability.   Hence  the  phenomena  of  "spinal  shock"  and  of 

"  decerebrate  rigidity." 

Inhibitory  effects  can  be  brought  about  by  direct  action  of  chemioal  agents  or 

by  the  anode  of  the  electrical  current. 

The  phenomena  of  physical  interference  of  wave  motion  are  incapable  of 
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expiUming  total  inhibition,  whereM  it  is  an  experiiiMiital  fact  that  inhibition  may 
beoomplete. 

The  part  played  by  the  refractory  peiiod  is  d^ribed  in  the  text.  Also  an 
explanntion  is  sug.;<»^red  for  Uie  results  of  ▼cm  Frey  on  Uie  vasomotor  nwres  of 

the  .submaxillary  glaiui. 

r*^  is  shown  how  the  theoretical  basis  of  the  theories  accordini::  to  wliich 
'•assmiiiation  '  or  "anaboiism     is  associated  with  inhibition  is  unsatistactoiy, 
and  that,  if  we  look  upon  cell  processes  from  the  dynamic  point  of  view,  increase 
e!  aoabolism  seems  to  necessitate  inersase  of  catabdism 
SB  sodi  thetwies  of  inhibition  reqaire. 

There  is  no  satisfactory  evidence  that  the  increase  of  functional  capacity,  some 
times  foond  to  be  present  after  inhibition,  is  actually  due  to  an  increased  building 

ap  by  the  inhibitory  stimuli.  On  the  other  liand,  the  fact  that  fatigue  of  inhibition 
iu  nerve  cerrti*es  is  found  to  occur  does  11 '  l  ii';ce^sarily  e.vclude  an  anabolic  explana- 
tion, since  the  fatigue  may  be  situat<^d  in  an  intermediate  excitatory  synapsse. 

The  seat  both  of  excitation  and  of  inlubitioii  in  nerve  centres  is  in  the  synapses^ 
so  that  fatigue  must  in  all  probsbiKty  be  here  also. 

There  is  a  fundamental  miiscouceptiou  at  tlie  basis  of  the  "drainage'*  theories, 
nsmely,  that  the  amount  of  nerve  "energy"  present  in  the  nenro-mnseular  system 
is  a  constant^  limited  quantity.  Moreover,  the  o(^rrence  of  inhibition  without 
siranltaneous  excitation  elsewhere  is  left  unexplained  by  such  theories. 

The  possibility  of  production  of  a   block"  and  its  relation  to  the  permeabolity 

changes  of  the  membrane  is  briefly  discussed. 

Macdf»nald's  theory  of  ad.sorption  of  ions  by  colloids  is  shown  to  have  ooo- 
aderable  importance  as  a  contribution  to  the  theory  of  inhibition  and  excitation. 

Inhibition  can  be  changed  into  excitation  by  strychnine  and  similar  drugs, 
while  excitation  can  be  change<l  into  inhibition  by  cliloroform.  The  most 
satisfactory  explanation  seems  to  be  that  the  actual  processes  themselves  are 
reversed.  The  possibility  of  a  similar  phenomenon  b^ng  oonoemed  in  ^  reversal 
of  peripheral  action,  such  as  that  of  the  vagus  and  of  the  chorda  tympani  by 
csrtsin  alkaloids,  is  pointed  out. 

The  process  of  excitation  in  plants,  apart  from  movement,  is  shown  to  be 
€ssentiallv  similar  to  that  in  nnimals,  being  independent  of  visible  effects,  and 
sccompanied  by  electrical  negativity  of  the  excited  protoplasmic  structures. 

Conduction  of  excitation  in  plants  appears  to  be  through  protoj)]asniio 
continuity  of  cells,  since  it  can  be  aljolisiieii  by  local  application  of  anesthetics. 

The  anti-oxydase  "  reaction  of  Czapek,  as  associated  with  stimulation  in  plants^ 
is  described. 
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CHAPTER  XIV 


CONTRACTILE  TISSUES 

In  tlie  animal  organism,  the  tissues  which  have  tbe  power  of  effecting  moveaiatt 
by  changinpr  their  form,  "contraction,"  as  it  is  usually  called,  are  known  as 
muscular.  It  should  be  made  clear  at  the  outset  that  the, word  "contraction"  is, 
strictly  speaking,  incorrect,  since  there  is  no  change  in  volume,  when  a  niu.'H^Ie 
becomes  ftctive,  merely  change  of  shape,  by  which  ite  two  ends  are  brought  closer 
together.  So  that,  if  one  end  is  fixed,  the  other  end  moves  nearer  to  it  and.  If  the 
latter  is  attached  to  a  movable  object^  this  object  moves  with  it.    If  the  muscle 

is  prevented  from  sliortening,  owing 
to  attachment  to  an  imnio%  ablt'  ul  iject, 
a  state  of  tension  is  developed  iu  it. 

The  mechanism  of  movement  in 
the  plant  is  of  a  dijflforent  kind,  and 
will  be  described  in  a  special  section 
later. 

There  are  two  kinds  ot  muscular 
tissue,  which,  in  the  extremes  of  the 
scale,  have  very  distinct  properties, 
'namely,  the  (»0S8-striated,  skeletal, 
or  voluntary  muscle  on  the  one  hand, 
and  the  smootli,  non  striated,  or  in- 
voluntary muscle  on  the  otlier  hand. 
There  are,  however,  many  d^rees  of 
transition  b^een  them.  The  heart 
muscle  of  the  vertebrate  is  cross- 
striated,  but  exhibits  many  t^f  the  pro- 
perties of  the  otlier  class  ;  the  claw 
muscle  of  the  crayfish  is  another  caae. 

Perhaps  the  most  diaiacteristic 
diflereaoe,  physiologically,  between 
the  two  classes  is  that  the  typical 
skeletal,  cross-striated  muscle,  in  its 
highest  form  of  development,  is 
entirely  dependent  on  impulses  from 
the  central  nervous  system  to  set  it 
into  activity;  the  other  class  pos- 
sesses an  automatic  activity,  mani- 
fested in  tone,  or  in  rhythmical 
contraction  and  relaxation,  even  when  separated  from  the  central  uervuus 
system.  It  is  not  to  be  supposed  that  the  involuntary  muscle  is  not  subject 
to  control  from  the  central  nervous  system ;  we  have  seen  the  contrary  to 
be  the  case  with  the  intestine^  the  heart,  the  blood  vessels  in  the  vertebrate  and 
the  claw  in  the  crayfish.  This  last  case  is,  indeed,  a  difficult  one  to  classify  on 
any  system,  since,  although  pos'^p'^siing  automatic  tone,  it  is  under  voluntary  con- 
trol on  the  part  of  the  animal,  like  the  skeletal  muscles  of  the  vertebrate.  The 
organs  consisting  of  smooth  muscle  in  the  latter  organisms,  and  also  the  hearty  are 
not  under  voluntary  controli  sithough  acted  on  reflesJy. 

Some  other  differences,  rather  of  degree  than  of  kind,  may  be  mentioned.  The 
rate  of  contraction  of  the  smooth  muscle  is  usually  alow,  oompsrai  with  that 
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Fio.  132.    Reaction  of  the  muscle  of  the 

CARTUWORM  TO  A  STRETCHINO  STIIIULUS. 

•  to  ft  ihcm  (ha  axtcot  to  wbkh  tlie  kftt  wM  pollMl  down 
in  oidw  to  itntoh  tlio  moMlti 

Him  in  ttra-MOOnd  intomli> 

(After  Stranb.) 
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of  striated  muscle ;  it  has 
also  a  longer  latent  period. 
There  are  two  properties 
deserving  mention  which 
both  classes  of  muscle 
possess,  although  produced 
in  a  different  way.  The 
automatic  toi\e  of  smooth 
muscle  has  been  referred 
to  above;  skeletal  muscle, 
under  normal  conditions, 
also  possesses  a  certain 
degree  of  tone,  but  it  is  of 
reflex  origin  from  aiFerent 
nerves  in  the  muscle  itself 
and  the  joints,  etc.,  ceas- 
ing when  the  nerves  are 
cut.  Again,  smooth  muscle 
is  caused  to  enter  into  con- 
traction by  stretching,  as 
shown  in  Fig.  132  (from 
Straub's  paper,  1900). 
The  possible  importance  of 
this  reaction  to  stretching 
will  be  discussed  under 
vasomotor  mechanisms. 
The  changes  in  the  tonus 
of  skeletal  muscle  produced 
reflexly  by  changes  of  posi- 
tion of  the  ends  of  the 
muscle  (that  is,  changes  in 
the  length  of  the  fibres) 
were  investigated  by 
Sherrington  and  will  be 
described  under  the  head 
of  "plastic  tonus"  io 
Chapter  XVIII. 

STRUCTURE 

Details  of  structure, 
especially  in  the  case  of 
the  complex  one  of  cross- 
striated  muscle,  are  ex- 
tremely difficult  to  make 
out  at  all  satisfactorily. 
Very  little,  except  the 
alternate  dark  and  light 
bands,  can  be  seen  in  living 
muscle,  and  we  have  no 
guarantee  that  the  various 
structures  seen  by  different 
observers,  after  treatment 
with  reagents,  have  any 
resemblance  to  the  living 
state.  The  account  given 
by  Macdonald  (1909)  will 
be  read  with  profit  by  those 
interested  in  the  views  that 
have  been  put  forward. 
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Fio.  13.3.    Mrsci.E  fibre  with  contraction  wave. — From 
abdomen  of  Teltphorus  mclamirm.    Fixed  by  50  per 
cent,  alcohol. 

n.  in  orflinary  light,   b,  in  polarisod  light,  between  crossed  Nicols. 

The  wave  length  is  about  ^  8tri» ;  the  niaximnm  degree  of  Rhort«oing  Is 

about  75  per  cent.,  and  is  at  No«.  12,  13.  and  14  of  the  figure.  So«, 

8-19  show  in  a  reversed  pofiition  of  dark  and  light  bands,  but  thii 

reversal  is  absent  from  b. 
Note  also  the  interme<liat«  stage  of  No«.  6-7  and  20-22,  in  which  the  croas- 

striation  in  a  nearly  disaptiears. 
In  b  it  is  seen  that,  in  contraction,  the  volume  of  the  anisotropic  part 

(whit*-)  in<'r<ai«Mi  at  the  ex|>ense  of  the  isotropic  |«art  (Mack).  Tht 

figure  should  have  represented  the  ratio  of  the  heights  as  3  : 1. 

1,  l8otro)>ic  disc,    n,  Acoes-nory  disc,    z,  Iiiltrtnediate  disc,  m, 
Middle  di«c    y,  Transverse  disc      (Aft«r  Engelmonn.) 
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It  seems  possible  tliat  photographs  of  the  living  fibre  by  ultra-violet  light,  in 
the  manner  dtiecriljed  in  a  previous  chapter  (page  9),  might  give  valuable  infor- 
mation with  H'gjird  to  the  structure  of  muscle. 

A  fact  of  interest  is  that  the  dark  bands  of  striated  muscle  are  doubly 
refracting,  that  is,  they  appear  bright  on  the  dark  field  between  crossed  Nicol 
prisms.  If  a  fibre  is  made  to  contract  while  under  the  microscope,  the  dark  bend 
becomes  light  and  the  light  baiul  dark  ;  but  the  double  refraction  does  not  alter, 
that  is,  it  is  the  light  bind  which  is  now  doubly  refracting.  According  to 
Engelmann  (1873,  p.  166),  the  isotnipic  (singly  refracting)  part  diminishes  in 
volume  in  contraction,  while  the  anisotropic  (doubly  refracting)  part  increases; 
that  is,  fluid  passes  out  of  the  isoti-opic  into  the  anisotropic  elements  (p.  167  of 
the  paper).     Fig.  133  shows  this  and  other  facts.    It  will  be  seen,  in  the 

ap|)earance  under  p<jlarised  light,  that 

rJHHB~"l  ^^H|Bn^H  whereas  in  the  resting  fibre  the  two 

^^^1     I  ^^^^^^^^1  P^i*^^  ^i*^       ablaut  equal  size,  in  the 

^^^^9!I^H  <^i^traoted  ]>art,  in  the  middle  of  the 
portion  of  fibre  represented,  the  clear 
I>art  coiisidembly  exceeds  in  volume 
the  dark  part.  Further,  Engelniann 
holds  (1875)  that  contractility  is  always 
a.s.sociated  with  double  refniction ;  in 
the  striated  muscle  fibre  it  is  the  aniso- 
tropic part  which  is  the  active  eon 
stituent,  and  Engelmann  ha.s  detecte<l 
double  refraction  in  the  contractile 
parts  of  Hydra,  and  of  various  uni- 
cellular organisms.  The  .statement  is 
made  (p,  460)  that  contractility,  in 
whatever  forni  it  may  occur,  is  con- 
nected with  the  presence  of  doubly 
refracting,  pasitive,  uniaxial  particles, 
whose  optical  axis  coincides  with  the 
direction  of  shortening.  The  isotropic 
part  is  supposed  capable  of  excitation, 
but  not  of  contniction, 

Hllrthle   (1909)   concludes,  from 
the  evidence  of  phot«jgniphs  »»f  living 
fibres,  that  no  change  of  volume  occurs 
in  the  doubly  refractive,  contractile 
elements.    The  isotropic  parts,  on  the 
contrary,  incivase  in  volume  at  the 
expense  of  the  sarcoplasra.  Although 
the  photographs  of  the  linng  fibres 
with  waves  of  contraction  ai-e  certainly 
very  interesting,  it  is  difiicult  to  make 
out  fn^m  them  whether  the  statement  is  justified  (.see  Schiifer's  criticism  of 
HUrthle's  views,  1910,  pp.  72-73).    Fig.  134  shows  photogmphs  of  li  ving  muscular 
fibres  under  polarised  light. 


A  B 

Via.  IM.    FinRE  OF  leg  muscle  of  Chrvso- 

MKLA  OORRtTI^A  WITH  (FIXKI))  rr»NTRA(TlOS 
WAVE,  PHOTOGRAI'HED  TNHKR  I'OLARISINti 
MICROSCOPE. 

A,  with  pftnllel  Nicols.    B,  with  i  roased  Nicols. 

(After  Enffelmann.  SchUfer's  "  EssentiaKs 
of  Hi8tology,"Fig.  106,  p.  136.) 


DEVELOPMENT  OF  TENSION 

The  essential  point  in  the  mechanics  of  muscular  contraction  is"  that  the 
properties  of  the  tissue  change  in  contraction,  .so  that,  if  it  be  not  permitted  to 
shorten,  a  state  of  tension  is  developed.  It  is  a  difficult  matter  to  give  an  adequate 
mechanical  illustration  of  the  process,  but  perhaps  it  will  as.si.st  comprehension  if 
we  imagine  that  we  have  two  spirals,  one  of  hardened  steel  wire,  the  other  of  soft 
lead  wire.  We  now  stretch  them  to  the  same  extent.  The  coil  of  steel  wire  will 
be  in  a  state  of  tension,  as  felt  by  the  necessity  to  exert  a  continuous  pull  upon 
it  to  prevent  its  returning  to  its  original  length,  whereas  the  lead  wire  will  have 
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no  tension,  oppose  no  resistance  to  stretching,  and  will  not  return  to  its  origirmi 
length  when  released.  When  a  muscle  is  atimuiated,  it  changes  its  physical  state 
from  that  of  theafrslcW  coil  of  lead  wire  to  that  of  the  tirekMd  ooil  ol  ttoel  wire, 
Tbe  tmck  may  alao  be  realised  if  we  allow  a  mosele  to  shorten  on  stimulation  and 
tlftW  pull  it  back  to  its  original  length,  the  stimulation  being  continued.  It  will 
require  a  certain  force  to  do  :  th\<  force  may  be  measured  by  the  weight  which 
it  is  necessary  to  han?  on  the  end  of  a  vertical  muscle  in  order  to  bring  it  to  its 
resting  length.  Thib  is,  of  course,  only  a  rough  measurement  because  tlie  weight 
will  passively  stretch  both  the  resting  and  the  eontractod  muscle ;  so  that  it  will 
be  found  that  if  the  weight  is  applied  which  is  just  sufficient  to  extend  the  muscle 
to  its  unloaded  resting  length,  the  weight  will  fall  somewhat  when  the  stimulus 
ceases,  since  it  stretches  the  reciting  muscle  to  a  greater  length  than  its  unloaded 
one.  This  is  the  fact  involved  in  the  principle  of  a/ter-Ioiui,'  in  which  the  weight 
ia  Bopported  at  tbe  position  of  the  length  of  the  resting  muscle  and  does  not 
stretch  it  until  contnctitm  takes  place. 

As  we  diall  see  in  considering  the  heat  evolved  and  also  in  the  theory  of 
muscular  contraction,  the  development  of  tension  is  the  fundamental  fact  in  the 
process,  so  that  it  is  of  importance  to  grasp  its  meaning  clearly. 

The  special  mechanism  by  which  muscles  are  able  to  possess  the  same  degree 
of  tension  «t  diteent  lengths  requires  separate  consideration  and  will  be  discussed 
in  Chapter  XVin.,  as  it  would  tend  to  ooiiluae  the  issue  of  the  problem  before 

FORMS  OF  CONTRACTION 

It  is  not  my  intention  to  give  details  of  the  varied  phenomena  to  be  observed, 
especially  in  skeletal  muscle,  when  stimulated  in  diffiBront  ways  or  when  the  load 
is  applie<l  or  removed  at  different  stages  of  the  course  of  a  contraction.  Tliere 
are  some  which  are  necessary  for  our  further  discussion  and  details  of  the  others 
will  be  found  in  the  textbooks  of  Human  Physiology.  The  articles  by  von 
Frey  (1909)  on  striated  muscle  and  by  Qrtttzner  on  smooth  mosde  may  be 

consulted. 

When  a  single  electric  shock  is  applied  to  the  nerve  of  a  nerve  muscle  prepara- 
tion, nothing  happens  that  can  he  -een  for  a  period  of  two-  or  three  thousandths 
of  a  second,  as  we  have  already  learned.  The  muscle  subs^uently  contracts  at  a 
certain  rate  and  relaxes  again.  It  is  not  always  remembered  that  tbe  proceases 
both  of  contraction  and  of  relaxation  are  not  instantaneous.  The  curve  can  be 
traced,  on  moving  smoked  paper,  by  a  lever  to  which  the  muscle  is  attached.  The 
rise  is  gradual  and  so  is  the  return.  But  mere  in'^poction  nf  tlic  curv»'  does  not 
tell  u.s  whether  the  rate  of  fall  was  that  of  a  l>ody  falling  trcely,  or  whether  it  was, 
Bo  to  speak,  allowed  to  fall  gradually  by  a  gradual  disappearance  of  the  .state  of 
contraction.  Tracings  in  which  the  lever  is  released  at  the  top  of  contraction 
show  that  the  rate  of  its  fall  in  such  a  case  is  greater  than  when  oimnected  with 
the  relaxing  muscle,  so  that  the  state  of  contraction  does  not  ee.i«;e  "suddenly  at 
the  top  of  the  curve,  but  disappears  gradually.  At  the  same  time,  as  we  shall  see 
later,  the  active  process  of  contractile  stress,  or,  in  other  words,  the  development 
of  energy,  ceases  at  the  top  of  the  curve,  so  that  changes  of  tension  applied  after 
this  pointy  do  not  affect  the  total  amount  of  energy  developed. 

When  a  muscle  is  held  so  that  it  cannot  shorten,  its  contraction  is  said  to  be 
isometric,  since  its  length  doe^  not  alter ;  when  it  i<?  allowed  to  shorten  in  such  a 
way  that  it  raises  a  weight  or  stretches  a  spring,  the  weight  being  applied  in  a 
manner  such  that  its  inertia  does  not  come  into  play,  or  the  spring  such  that  its 
tension  remains  constant,  the  contraction  is  MOtonie. 

It  will  be  obvious  that  a  contraction  may  be  of  one  type  in  a  part  of  its  course^ 
and  of  another  type  in  tlie  remainder.  Since  the  tension  develops  gradually,  a 
muscle  is  able  to  raise  a  weight  at  a  later  period  of  its  contraction,  which  it  was 
unable  to  raise  at  au  earlier  stage.  Thus  the  contraction  is  first  isometric,  then 
isot<Hiic.  On  the  other  hand,  the  weight  raised  may  suddenly  come  against  an 
vayielding  obstacle ;  the  contract  ion  is  then  first  isotonic,  then  isometric.  The 
contraction  of  the  heart  muscle  is  first  isometric,  then,  alter  the  aortic  valves  have 
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opened,  auxotonic,  that  is,  it  contracts  against  an  increasing  resistance,  as  the 
arterial  pressure  rises. 

There  are  several  forms  of  experimental  twitch,  "anesied,"  « inertia,*' and  so 
on,  which  do  not  conoem  us  here. 

WORK  DONE 

The  external  work  done  is  clearly  the  weight  raised  multiplied  by  the  height 
to  wliich  it  is  raised.  Although  iio  external  work  is  liunt'  m  niaiiitainin^  the 
weight  at  this  height,  it  ib  u  familiar  fact  that  fatigue  results  and  the  metahoiii»ui 
and  heat  of  the  muscle  show  a  considerable  consumption  of  energy.  This  point 
will  be  returned  to  in  a  later  po^ 

When  we  remember  that,  with  zero  load  and  maximum  height  of  twitch,  no 
external  work  is  done,  nor  when  the  load  is  so  great  that  the  muscle  cannot 
shorten,  a  little  consideration  will  show  that  there  must  be  a  load  of  a  certAiu 
magnitude  with  which  the  maximal  work  is  done ;  this  is  found  experimentally  to 
be  the  case;. 

When  the  muscle  is  allowed  to  relax  again  with  the  weight  still  on,  this  weight 
falls  to  its  original  position,  so  that  no  permanent  work  is  done.  To  enable  .1 
muscle  to  perform  actual  external  work,  Fick  devised  the  "  Arlx^itsammler '  or 
"  n^ork  collector^"  in  which,  by  a  system  of  catches,  the  weight  is  taken  off  the 
muscle  at  the  height  of  contraction,  so  that  the  weight  does  not  fall  again ;  but 
when  the  muscle  makes  a  farther  contiaction,  it  catdies  the  rim  of  the  wheel  on 
whose  axis  the  weight  is  suspended,  and  raises  it  by  a  farther  amount  and  so 
on  (see  Tick's  book,  1882.  pp.  139-143). 

Blix  (181)1,  p.  306)  has  described  a  muscle  indicator,  which  draws  a  curve 
whose  ordinates  are  lengths  of  the  muscle  and  whose  abscissre  are  corresponding 
tensions.   The  area  of  the  curve  is  thus  the  work  dona    Similarly,  in 
indicator  of  the  steam  ragine,  the  co-ordinates  of  the  curve  are  pressures  and 
volumes  in  the  cylinder. 

In  order  to  measure  the  work  done  by  an  animal  or  man  for  the  purpose  of 
metabolism  experiments,  some  form  of  bicycle  mechanism  or  treadmill  is  gcnciallv 
used.  A  brake  is  applied  so  that  the  aruount  of  work  can  be  varied  and  <letermined. 
The  brake  may  be  fnetional,  as  in  the  simple  hut  accurate  pattern  d  C.  J.  Martin 
(1914),  or  it  may  be  in  the  form  of  a  dynamo,  as  in  the  earlier  apparatus  of 
Atwoter  and  T''  ih  diet  (see  Atwater,  1904),  or  again  86  Foucault  currents^  produced 
in  a  copper  disc  rotates]  bet  ween  the  poles  of  an  electro-mAgnet^  whose  magnetising 
current  can  be  varied  (see  Krogh's  article,  1913), 

TETANUS 

When  a  second  stimulus  is  applied  to  a  skeletal  muscle  before  the  muscle  has 
returned  to  its  original  length,  the  ctmtraction  due  to  this  second  stimulus  starts 
from  the  level  at  winch  the  fint  contraction  is  at  the  time,  and  so  on  lor  8ofaseq[aent 
stimuli    Thus  .i  sununation  is  produced,  by  which  the  extent  of  contraction  is 

mii'-b  '^'veater  than  can  be  brought  about  by  a  single  stimulu.s,  however  stmni;. 
But  each  stimulus  produces  less  increase  than  its  predeces^r,  so  that,  after  a 
certain  number  have  been  ^plied,  no  further  increase  in  height  results ;  a  constant 
level  only  is  maintained.   This  is  known  as  '*  tetanic  contn^t&on." 

An  effect  of  the  same  kind  is  produced  by  reflex  or  voluwUMry  eonfroclion  cf 
skeletal  muscle.  A  seriee  of  disturbances  at  the  rate  of  50  per  second,  in  the 
median  nerve  of  man,  is  sent  out  from  the  centre  (Piper,  1912,  p.  9?^)  This  value 
was  oV»tained  by  leading  oil"  the  iiiu^icles  of  the  forearm  to  a  string  galvanometer. 
It  is  practically  the  same  in  the  case  of  all  the  muscles  tested,  uamelj,  40  pr 
second  in  the  quadriceps  femoris,  60  in  the  masseter.  The  shortest  volnntaiy 
movements  always  consist  of  at  least  three  or  four  waves.  It  is  interestiDg  that 
the  frequency  of  these  waves  in  the  tortoise  is  a  linear  function  of  temptratwrti 
and,  indeed,  through  the  wide  range  from  4°  to  40'.  Put  in  other  word.s,  we  may 
say  that  it  i.s  directly  proportional  to  the  absolute  temperature,  just  a«  the  simplest 
physical  phenomena,  such  as  the  volume     a  gas,  the  osmotic  pressure  of  solutivu^ 
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or  the  electromotive  force  of  a  concentration  battery.  Yet  it  would  beem  absurd 
to  draw  the  conclusion  that  the  rate  of  discharge  of  a  nerve  cell  has  no  connection 
with  chemical  prooessM.  Similar  facts  in  the  case  ctf  the  rate  of  the  Tnammalian 
heart  beat  and  other  processes  have  been  already  referred  to  (page  43).  A  further 
interesting  fact  found  by  Piper  in  the  experiment^i  ♦] noted  is  that,  at  37°,  the 
nerve  cells  of  the  tortoise  have  the  same  oscillation  period  as  those  of  the  warm- 
blooded  vertebrate,  namely,  47  to  58  per  second. 

THE  NATURE  OP  THE  CONTRACTILE  PROCESS 

It  will  perhaps  facilitate  comprehension  of  the  relatiouship  wtwech  the  various 
experimental  facts,  if  we  first  of  all  consider  a  condensed  statement  of  the  view  of 
the  processes  taking  place  in  active  muscle,  whk^  the  work  of  Hermaimaiid  ethers 
in  the  past,  hut  chiefly  that  of  Fletcher,  Hopkins,  and  A.  V.  Hill  in  recent  years, 
has  !iirtr)f»  it  n^^cessary  to  adopt. 

\\  iien  a  muscle  contracts,  tension  is  developed  and  external  work  is  done  if  the 
tension  is  made  use  of  to  ruibe  a  weight  or  perform  other  functions  I'equiring 
expenditure  of  energy.  It  is  ohmos,- therefore,  that  there  must  be  something  in 
resting  muscle  which  possesses  potential  energy  of  some  kind,  and  that,  on 
excitation,  some  chanf^'o  takes  place  in  tin's  system  resulting  in  loss  of  potential 
energy.  We  know  tliat  lactic  acid  is  formed  and  that  the  actual  contractile 
process  is  not  associated  with  the  giving  off  of  carbon  dioxide  nor  with  the  con- 
sumptkm  of  oxygen.  It  is  not,  in  fact,  an  oxidation,  so  that  the  ''biogen" 
conoeption.  fails  here.  Although  there  must  be  some  large  molecules,  or  aggregates, 
containing  fhe  lactio  acid  group,  these  cannot  be  of  a  protein  nature  with  "  intra^ 
molecular "  oxygen  as  one  side  chain  and  an  oxidisable  group  ^at  another  place. 
It  appears  that  the  potential  energy  must  be  in  the  form  of  surface  energy  or 
Oismotic  energy,  or  both ;  at  all  events,  in  some  form  which  is  not  associated  with 
chemical  reaction  in  the  strict  sense.  At  the  end  of  the  contmctaMm,  the  odl 
machinery  possesses  less  potential  «}ergy  and  the  systems  actually  participating  in 
the  change,  "  inogens,"  if  we  may  use  Hermann's  name,  though  not  exactly  in  his 
sense,  have  let  loose  lactic  acid. 

Ihow  to  restore  tiie  system  to  its  original  state,  witli  increase  of  energy  content, 
a  further,  exothermic,  reaction  ia  necessary.  In  this  prooesi^  the  system  Is 
restored  to  its  original  state  of  high  potential  energy,  so  that  the  reaction  by 
which  it  is  effe*  ti  d  must  be  one  in  which  a  considemblc  n mount  of  energy  is  set 
free.  This  is  shown  by  the  large  consumption  of  oxygen  and  liberation  of  carbon 
dioxide,  indicating  oxidation  of  some  combustible  substance.  We  have  seen 
already  (page  271)  that  no  nitrogen  metabolism  is  associated  with  muscular  work 
as  such  ;  the  oxidised  substance  must  therefore  be  carbdiydrate  or  fat.  It  appears 
that  carbohydrate  is  normally  used,  but  fat  appears  also  to  be  capable  of  serving 
the  purpose,  |>erhaps  indirectiv. 

After  this  condensed  auu  somewhat  dogmatic  exposition,  we  may  proceed  to 
consider  the  evidence  on  which  the  various  statements  are  made. 

The  production  of  ienm/ony  without  shortening,  is  measured  by  the  various 
methods  of  tracing  isometric  curves,  as  mentioned  above.  Tlie  principle  on  which 
these  methods  rest  ia  that  of  arranging  the  muscle  so  that  it  shall  pull  against 
a  strong  spring  or  twist  a  stiff  wire ;  thus  the  very  slightest  change  in  its  own 
length  is  sufficient  to  produce  considerable  tension  in  the  spring.  This  very  slight 
movement  is  magnified  by  a  long  lever,  or  better  by  a  reflected  beam  of  lights 
whose  movement  is  recorded  oH  the  snr&ce  of  a  moving  photogra|dnc  pdato 
{** optical  lever"). 

It  is  unnecessary  to  describe  any  particular  experiment  to  show  that  work  can 
be  done  by  a  muscle  allowed  to  shorten.  Everyday  experience  in  the  raising  of 
weights  is  sufficient  to  prove  this  point 

That  this  work  is  done  at  the  expense  of  potential  energy  stored  in  the  muscle, 

and  lif  t  bv  an  exothermic  chemical  reaction  invol\  in_'  the  burning  up  of  some 
food-stuff  at  the  moment,  is  sliown  l>v  the  fact  that  an  excised  froif's  muscle  in 
nitrogen  is  capable  of  giving  a  maximal  contraction  every  five  minutes  for  two 
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hours  and  a  half,  before  signs  of  fatigue  appear  (Fletcher,  1902,  p.  491).  The 
contractile  power  continues  longer  in  oxygen,  as  we  shall  see  presently.  We  may 
note  here  that  the  onset  of  fatigue  shows  that  something  has  been  used  up,  and 
that  it  has  not  been  replaced.  Supply  of  oxygen  to  a  muscle,  fatigue<l  in  nitrogen, 
even  in  the  case  of  an  excised  muscle,  to  whose  interior  the  access  of  oxygen  is 
difficult,  brings  about  recovery  to  a  very  considerable  extent  (see  Fig.  135,  which 
shows  also  that  spontaneous  rigor  is  hindered  by  the  presence  of  oxygen). 


•a 


In  order  to  discover  what  chemical  change  occurs  in  the  act  of  contraction 
itself,  we  must  exclude  the  influence  of  oxygen.  We  know  that  contraction  can 
take  place  in  its  absence,  so  that  the  contractile  proces.s  itself  does  not  make  use  of 
it.  An  important  part  of  the  prol)lem  to  be  solved  is,  in  fact,  the  part  played  by 
oxygen.  That  muscles  stimulated  in  the  absence  of  blood  supply  become  acid,  and 
that  lactic  acid  is  produced  by  muscle  as  it  dies  and  enters  into  rigor  mortis,  are  old 
observations,  but  the  jorniuction  <>/  lactic  acid  in  the  normal  contraction  was  first 
elucidated  by  the  work  of  Fletcher  and  Hopkins  (1907).    Surviving  excised 
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DUscIe.  forms  lactic  acid,  siowly,  aji  it  (iies,  l)ut  the  fact  that  chieHv  concerns  us 
hore  It  that  this  productioa  is  greatly  accelerated  by  stimulating  the  muscle  to 
activity.    These  investigaton  have  shown  that  mtiaele  f teshly  ranoved,  inunersed 

in  ice-cold  alcohol  and  disintegrated  therein,  contains  only  the  trace  of  lactic  acid 

wliirh  mitrht  be  expected  t.>  V)e  formed  during  the  slight  unavoidable  delay  in  the 
expeninental  procedures.    An  instructive  experiment,  showing  its  production  on 
stimulation,  is  described  on  pp.  308  to  309  of  the  paper  referred  to.  Hopkins' 
delioate  thiophene  test  for  lactic  acid 
is  used. 

This,  then,  is  tlie  only  chemical 
change  that  can  be  demon'^tmted  to 
occur  in  the  act  of  contraction  itself. 
It  is  true  Uiat  carbon  dioxide  is 
slowly  givoi  off  by  excised  muscle  in 
an  atmosphere  of  nitrogen  and,*  as 
■we  saw  above  (page  272),  Hermann 
represents  the  pi-oduets  of  the  btx^ak- 
down  of  his  iuogen  substance  as 
myosin"  (that  is,  the  nitrogen-con* 
taining  lesidiie,  after  separation  of 
lactic  acid),  lactic  acid  itself  and 
earbtjn  dioxide.  But  Fletcher  ( 1'.<(J2 
and  1U13,  p.  374)  has  conclusively 
shown  that  the  slow  evolution  of 
carbon  dioxide  in  an  atmoaphere  of 
nitrogen  is  to  be  accounted  for  by 
the  action  of  the  lactic  acid  on  bicar- 
bonates  olr^wiy  present  in  the  muscle; 
the  carbon  dioxide  so  formed  grad- 
ually escapes.  And,  what  is  more  to 
the  point  for  our  purpose  Is  that 
stimulation  doe^  not  increase  tliis  out- 
put. CkjiiSUiBption  of  oxygen  in  the 
contractile  process  is  excluded  by  the 
continnoi^i  and  prolonged  activity  of 
muscle 'in  its  absence. 

to  the  form  of  enerqy  present 
in  mn.scle  itself,  thr>  rhief  expt-ii- 
mental  evidence  is  couuuiieu  iu  the 
work  of  A.  V.  Hfll(1911,  1,  1912,  2, 
1913,  1  and  4,  1914,  1  and  2)  on  the 
formation  of  heat  in  muscular  con- 
traction. Tliere  is  found  to  Ije  a 
definite  proportion  between  the  ten- 
sion developed  and  the  heat  given  off. 
If  a  muscle  is  allowed  to  contract 
i'^onietricallv  at  one  time  and  allowed 
to  shorten  at  another  time,  the  heat 
formed  is  greater  in  the  first  case. 
It  should   be  reuiembered  tlial  the 

heat  measured  in  these  cases  represents  the  total  energy  change  in  the  con- 
tractile i»oce^,  the  tension  hi  i;  -  allowed  to  disappear  in  the  f<»rm  of  heat, 
and  the  weight  raised,  if  such  is  done,  is  allowed  t<»  fall  again.  If  we  allow 
the  muscle  to  sliorteu,  by  releiv-sing  it  at  the  time  that  the  maximal  tension 
has  developed,  but  not  earlier,  the  heat  is  unaffected.  The  heat  produced, 
or  energy  developed,  is,  in  fact,  directly  proportional  to  tiie  length  of  the  fibres 
during  the  time  that  the  contraction  takes  place  and  not  to  their  volume.  In 
other  words,  it  is  a  surface  phenomenon.  This  view  was  first  clearly  put  f  jrward 
by  Blix  (1902,  p.  113).   The  tension  developed  thus  depends  upon  the  area  of 


Fra.  1S6.  SRxrnm  or  ovm  or  the  forms  of 

THERMOI'Tl.K  rSKI>  F-iK  THK  INVKSTIO.A- 
TION  Of  UELVT  PRUDICTIOX  IN  THE  OASTBUC' 
NXSfllia  KUSGLB  OF  TM£  FBOQ. 


to  iDMrtfld  in  the  eooiotl  cavitjr,  with  ito 
pnnwdM.  nntil  it  flfs  exactly  uid  to  in  contunt 
with  th«  Janctionft.  6.  b,  b.    Wh«n  oontmotin^.  It 

cafinot  slip  ;iwr.\  fr^ni  the  junctions. 

a,  a,  a.  External  Junctionii,  inilMHlded  in  ttie  ebonite. 

Cu,  Cm,  Cojiper  leudn  to  the  galvauometer. 

The  mu8ctc  ia  tied  to  •uppoftt  *t  both  end*,  «r  to  •  lever 
at  tlie  lower  end. 

(A.  V.  Hill,  1913,  4,  p.  307.) 


Digitized  by  Google 


444         PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


certain  surfaces  running  longitudinally  in  the  muscle.  After  tbe  maTrimal  tensiQii 
has  been  developed,  its  potential  energy  can  be  used  for  dc>ii)g  external  work  or 
may  be  converted  into  the  equivalent  quantity  of  heat.  The  initial  process  of 
contraction,  with  which  we  are  at  the  moment  concerned,  consists  in  the  develop- 
ment <»f  this  potential  energy  of  tension,  which  can  do  work  or  Ixj  converted  into 
heat.  Hill  has  shown  tliat,  under  optimal  conditions,  the  total  amount  of  heat 
developed  in  the  actual  contractile  process  is  practically  identical  with  that  which 
would  be  derived  from  the  energy  of  the  tension,  so  that  the  "  efficiency,"  in  tte 
mechanical  sense,  of  this  first  process  is  100  per  cent.  (1913,  2,  p.  463). 

This  high  efficiency  is  clearly  sufficient  to  exclude  the  possibility  of  the  muscular 
machine  Wing  a  heat  engine;  the  chemical  energy  of  the  food  taken  by  &n 
organism  is  converted  into  work  by  a  more  efficient  mechanism.  As  we  shall  see 
presently,  however,  the  efficiency  of  the  total  muscular  piooess,  although  high,  is 
only  about  half  that  of  the  first,  contractile  stage. 

This  work  on  the  production  of  heat  obviously  requires  a  very  perfect  experimental 
tecboique,  details  of  which  will  be  fonod  in  the  papers  oy  A.  V.  Hill  referred  to,  especially 
that  of  1913,  No.  4.    A  sketch  of  the  thermopile  used,  -in  its  latest  form,  i?  given  in  Fig.  136. 

The  essential  process  in  muscular  contraction  is,  then,  the  development  of  a 
certain  degree  of  tension.  As  this,  if  unused,  is  converted  into  tiie  equivaleot 
amount  of  heat^  we  can,  by  determining  the  total  amount  of  tension  developed  io 
a  series  of  contractions,  deduce  the  amount  of  heat.   The  application  of  this  fsct 

will  be  seen  presently. 

The  stage  in  wliich  we  have  now  left  the  muscle  is  with  a  diminished  store  of 
potential  energy  lu  the  complex  physico-chemical  system  and  with  a  certain 
amount  of  lactic  acid,  which  has  been  separated  from  this  system.  In  order  to 
restore  the  muscle  to  its  previous  state,  work  must  clearly  be  expended  on  it, 
otherwise  we  should  be  obtaining  work  from  nothing.  What  do  we  know  about 
the  way  this  restoration  is  brought  about  ? 

We  hfiv©  seen  that,  in  order  to  detect  the  production  of  lactic  acid,  the  muscle 
must  not  have  oxygen  at  its  disposal,  and  it  was  definitely  shown  experimentally 
by  Fletcher  and  Hopkins  (1907)  uiat  the  lactic  acid  disappears  under  the  action  of 
oxygen.  It  is  natural  to  suppose  that  it  might  be  oxidised  to  carbon  dioxide  and 
water,  since,  although  muscular  activity,  in  the  absence  of  oxygen,  is  not  associated 
with  evolution  of  carbon  dioxide,  this  gas  is  given  off  when  oxygen  i.s  present 

FJetober  and  Hopkina,  on  the  ground  of  experiments  of  which  Fig.  137  explains  the 
results,  thought  that  this  was  not  the  case,  but  that  the  laotio  acid  was  replaced  in  it« 
original  position,  while  another  substance  was  burnt  up  to  afford  the  energy  required, 
bubeequent  work,  especially  by  Paroas  (see  Fletcher  and  Hopkins,  1917,  p.  flowed 
that  lactic  add  Is  itself  oxidised.  The  explanation  of  the  earlier  results  appears  to  be  that 
the  production  of  lactic  acid  is  a  self- controlled  reaction,  and  inhibited  b^  acid  reaction. 
Thus  the  maximum  production  in  heat  rigor  only  represents  the  normal  cessation  of  a  reaction 
at  a  critical  H*  ion  concentration,  and  not  the  total  exhaustion  of  the  material  from  which  it 
ari-e?  (Fleti  her  and  Hopkins,  191",  p.  461).  The  amount  of  energy  yielded  by  the  oxidation 
of  the  lactic  acid  appears  to  be  sufficient  to  satisfy  requirements.  It  is  to  he  remembered 
that  the  change  of  carbohydrate  to  lactic  acid  involves  practically  no  loss  of  energy,  so  that 
tlie  atnount  ui  energy  to  be  obtained  from  the  latter  is  as  great  as  from  the  former.  A  V. 
UiU  (1914,  2)  hail  calculated  the  actual  amount  of  energy  set  free  by  muscle  rontracting  io 
absenoa  of  oxygen,  that  is,  the  minimum  amount  which  must  be  supplied  by  tiie  restur&iive 
reaction. 

In  case  any  doubt  may  arise  in  the  mind  of  the  reader  as  to  the  origin  of  the 
lactic  acid  in  contraction  and  in  rigor  being  the  same,  the  work  of  Peters  (I91«i) 
may  be  consulted. 

We  must  now  consider  the  facts  known  with  regard  to  the  oonsumptkn  of 

oxygen,  and  the  cvolation  of  carbon  dioxide  in  the  second  phase  of  the  complete 
muHcle  cycle.    Wliat  do  we  know  of  the  restorative  phase? 

In  the  absence  of  oxygen,  as  already  pointed  out,  there  is  neither  evolution 
of  carbon  dioxide  nor  consumption  of  oxygen,  whereas  both  processes  occur 
when  oxygen  is  present.  Further,  the  difference  between  the  two  cases  is  that, 
in  the  first  case,  the  lactic  acid  remains,  while  in  the  second,  it  disappears. 
This  fact  indicates  that  the  oxidation  process  is  a  stage  secondary  to  that  of 
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ooDferaetion  and  oonoerned  with  the  restoration  of  the  system  to  its  initial  btate, 
with  the  disappearance  of  the  lactic  acid.  The  oxidation  process,  then,  has  only 
an  iiuliroct  relationship  to  the  actual  contractile  process,  although  it  is,  of  course, 
an  essential  one,  since  it  proxides  energy  for  the  subsequent  work  to  be  done 
by  the  muscle  in  contracting.  Venar  <1912)  showed  that  the  oonsumpl^n  of 
oxygen  by  the  gastrocnemiiis  muscle  of  the  cat  was  increased  for  some  minutes 
after  the  end  of  a  tetanus  of  about  half  a  minute  ;  Hill  (1911,  1)  showed  that 
production  of  heat  in  the  frog's  muscle  continued  for  a  considerai)le  time  after 
the  end  of  contraction  and  also  (1913,  1,  p.  13)  that,  (huinu  this  after-period, 
the  heat  production  a^bociated  with  the  recovery  process  is  about  equal  to  that 
obtained  in  the  contractile  process  when  the  tension  is  allowed  to  become 
degraded  to  heat.  Peters  (19T3,  p.  264)  showed  that  the  heat  evolved  when 
a  muscle  is  stimulated  to  fatigue  in  absence  of  oxygen  is  about  0*9  calorie  per 
gram  of  maacle.   Therefore^  we  may  reckon,  from  Hill's  result*  that  the  heat 
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Pio.  137.  Disappearance  or  lactic  acid  i.v  mhsclb  after  contraction. — At  thtt 
beginninff  there  are  two  eatimatioiia  of  maximum  laotio  acid»  prodoood  by  heat  rigor, 
in  control  tnnsclea.  At  the  end  there  are  two  eioular  esUmatioua  which  have  the 
Mime  valne,  although  the  muacles  had  gone  thiough  nine  periods  of  severe  stimulation, 
altsinatiDg  with  rest  in  oxygen.  ^ 

Ibe  eacloced  mom  rvprMent  time  periods  <rf  tUmul*tion. 

)(,Lowotexaltia>iU^. 

Temperature,  15*. 

The  ctrntinuous  part  of  the  line  shows  the  course  o(  »cid  loss  In  ox^^en  as  actually  detenoioed  by 

)  ol  edd  kim  lad  fHin  durliv  the  ether  perlew 


estimation.  The  dotted  line  shows  the 
Of  net  and  itimulatioD  reqwotive^. 


(Fletcher  aod  Hopkins,  1907*  p.  293.) 


evolved  in  the  oxidati%'e  process  of  recovery  is  another  0  9  rnl'n  ie,  being  equal 
to  that  pioduced  in  the  contractile  process.  VV'e  require  furtiier  to  know  the 
amount  of  lactic  acid  which  disappears  in  the  recovery  process,  which  we  can 
obtain  from  the  work  of  Fletcher  and  Hopkins  (1907).  The  maximum  yield  in 
beat  rigor  is  0*003  to  0  004  g.  per  gram  of  muscle  and,  when  stimulated  to  fatiLrue 
about  half  of  this  (p.  280).  We  have  now  the  fact  that  the  disappearance  of  1  g. 
of  lactic  acid,  in  the  recovery  process,  is  associated  with  the  production  of  450 
calories  (see  the  paper  by  A.  V.  Hill,  1914,  2).  But  1  g.  of  lactic  acid  on 
Otidation  gives  3,700  calories,  or  eight  times  as  much  as  tbat  actually  obtained 
ia  the  moaole  process,  so  that^  if  la^c  acid  were  oxidised  In  the  recoveiy  process, 
tnfficient  eoMgy  would  be  obtained. 

The  energy  required  to  restore  the  high  ]  t  ntial  energy  of  the  restini:^, 
nnfatigued  muscle  must  come  from  some  independent  reaction,  involving  the 
oxidation  of  a  non-nitrogeuous  carbon  compound  since  there  are  no  nitro|^ennti» 
Vtoduets  of  muscular  activity.  But,  if  we  accept  Ostwald's  position  (see  page 
ft  ''coupled  reaction,''  in  order  to  ^to  chemicu  energy  to  another  reaction,  must 
ccmpooetits  in  common  with  it,  and  it  ia  difficult  to  see  what  these  can  be  in 
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the  case  of  muscle,  if  we  Iwk  upon  the  j><jtf-n', lal  energy  of  the  "inogen*'  aa 
chemical  energy.  Moreover,  this  system  nut  an&logouii  to  a  combustible 
vttlMrtanoe  oontaining  an  excess  of  oa^gen,  such  as  mtKHoeOtt]ofle»  for  ecample. 
There  is  direct  evidence,  as  we  shaJl  see  later,  thait  oiygen  is  not  taken  up 
in  tliis  " intra-molecular "  form,  and,  even  if  it  were,  the  products  of  coutniotioa 
in  anaerobic  conditions  would  contain  considerable  amounts  of  carlwn  dioxide, 
which  is  not  the  case.  The  formation  of  lactic  acid  from  glucose  or  similar 
sahstanoe  k  only  associated  with  the  giving  off  of  tmnunal  amoants  of  energy. 
Agahi,  as  Hill  pomts  out  (ldl3,  1,  p.  77),  the  lactic  add  preenrsor  could  he 
restored  in  the  presence  of  oxygen  without  the  evolution  of  heat,  we  should  be 
jiistitie<l  in  concluding  that  the  oxygen  is  Vjuilt  up  into  the  pnH-i]r-;or,  and  that  the 
Iji-eakduwii  of  the  prt^ursor  is,  in  fact,  au  oxidatHin  with  the  liberation  of  heat. 
But  this  is  not  so,  "at  least  as  much  heat  is  used  in  the  restoration  of  the 
contractile  tissues  to  their  previous  condition  aa  in  tiieir  breiskdown,  so  that  the 
oxygen^cannot  be  merely  built  up  as  intra-molecnlar  oxygen,  but  must  be  utilised 
in  some  way  in  nxi  lation  processes."  In  fact,  one  cannot  iniMgiTie  a  chemical 
compoun  l  i  f  higli  pv*tential  energy  which  would  sjitisfy  the  conditions  required. 
It  would  \ni  rash  to  deny  its  existence,  nevertheless,  since  there  are  such  substaiaoes 
as  nitrogen  iodide.  On  the  whole,  we  are  driven  back  to  the  assumption  of  a 
system  wliose  energy  is  more  of  the  nature  of  surface  energy,  a  view  confirmed  by 
tne  relation  of  heat  and  lactic  acid  to  length  of  fibres.  And,  if  this  be  BO^*  the 
dithculty  with  regard  to  the  coupled  reaction  vanishes. 

According  to  the  work  of  Parnas  atul  Wagner  (1914),  there  is  no  disappearance 
of  carbohydrate  in  the  second,  recovery,  process,  whereas  it  does  disappear  in  the 
course  of  eontnu;tions  taking  place  in  absence  of  oxygen.  It  appears,  therefore^ 
that  lactic  acid  is  forme<l  from  carbohydrate  during  the  contractile  phase, -and 
oxidised  in  the  recovery  phase,  but  that  the  stihsfancc  from  which  the  ac-id  is 
directly  split  oflf  in  contraction  is  not  actually  carbohydrate  but  some  system  uf 
high  potential  energy  containing  lactic  acid  aa  a  constituent  Another  fact  shown 
W  these  observm  is  that  there  is  no  nitrogenous  substance  formed  In  contitetion» 
thus  confirming  the  results  of  experiments  on  the  whole  organism.  - 

We  may  note  tlnit,  although  it  is  carbohydrate  that  disappears,*  it  passes 
through  lactic  acid  before  it  is  oxidised. 

With  the  data  at  our  disposal,  we  can  obtain  some  further  idea  of  the  nature 
of  this  secondary  oxidation  process.  A.  V.  Hill  (1914,  2)  has  determined  tiie 
total  energy  that  can  be  afforded  by  isohited  muscles  stimulated  in  oxygen.  He 
ha<i  previously  shown  (11)13,  2,  p.  4G2)  h'lw  the  heat  ]>rnfj!Ktion  in  relation  to  the 
tension  developed  can  be  estimated,  and  lound  it  tt)  b<  <  10^  calories  (5  micro- 
calories)  per  gram-weight  of  tension  developed  per  centimetre  uf  muscle  length.  This 
is  in  the  absence  of  oxygen,  and  refers,  th^efore,  to  the  heat  set  free  bom  tiie  actual 
contractile  process  only.  If  the  heat  of  the  reooveiy  process  in  oxygen  is  added, 
the  vahje  becomes  10  mic  ro  calories.  If  we  obtain  a  record  of  the  tension 
pr(xhic<^il  in  a  muscle  in  a  series  of  isometric  twitches,  we  can  estimate,  therefore, 
the  heat  produced.  Uill  lias  compared  the  total  heat  produced  when  sartor ius 
muscles  were  stimulated  to  exhaustion  in  air,  on  the  one  hand  (that  is,  in 
insufficient  oxygen)^  and  in  oxygenated  Ringer  solution,  on  the  other  hand.  In 
this  latter,  they  can  be  stimulated  five  times  a  minute  for  nearly  two  days,  giving, 
on  an  average,  30  calories  of  heat  per  gram,  wlif-n'jts,  as  we  saw,  Peters  found  ouly 
0  0  calorie  in  absence  of  oxygen.  In  Hill's  experiments  in  air,  or  ntmrly  complete 
absence  of  oxygen,  the  value  1*4  was  obtained.  '  Ifow,  to  afford  these  30  calories. 
0*008  g.  of  lartic  acid  would  have  to  be  burned.  Nearly  the  same  amount  of 
carbohydrate  would  be  required  to  produce  the  lactic  acid,  and,  according  to 
Parnas  and  Wagner  (1914),  1  g.  of  muscle  contains  rather  over  0  01  g.  of 
carbohydrate.  This  is  sufficient  to  cover  the  energ\''  given  off  in  the  muscle 
process.  We  shall  find  presently  more  evidence  as  to  tlie  nature  uf  tiie  substance 
burned,  but  it  would  be  interesting  to  have  actual  values  of  the  carixipi  dioxide 
produced  and  oxygen  consumed  under  the  conditi<ms  of  HilPs  experiments.  ,< 

Comparing  again  the  muscle  system  to  a  gas  engine,  it  is  if  the  energy  of 
the  (}()ml)usUon  of  the  fuel  were  not  used  at  once  to  drive  machinery,  such  as  drills, 
hammers,  and  so  on,  by  means  of  shafting  and  belts,  but  as  if  an  air  compressor 
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were  driven  and  a  store  of  air  at  higl)  pressure  ol)taine(l.  The  engine  might  then 
be  stopped  and  the  compressiKl  air  use<:i  to  drive  pneumatic  tools.  This  would  be 
simiiaj:  to  the  anaerobic  muscular  contraction.  Or  the  compressor  might  be  kejpt 
continooiuly  at  work,  aa  is  usual,  in  order  to  replace  the  potentaal  enei^.of  the 
air  coneamed  by  the  tools  ;  this  correspmds  to  the  work  of  a  muscle  under  normal 
oxj^f^ri  "Supply.  If  it  be  preferred  to  regard  the  potential  energy  thp  muscle 
as  theniical,  then  one  might  take  the  case  of  an  engine  driving  a  dynamo,  which 
is  itself  charging  accumulators ;  tlie  current  from  the  accumulators  is  then  used 
for  electric  motors.  In  either  case,  the  energy  of  the  fuel  is  not  used  directly, 
just  as  that  of  the  oxidation  of  lactic  acid  in  the  recovery  process  of  muscle  is 
not  so  us'ed.  The  latter  process  is  more  efficient  than  the  ordinaiy  hv:xt  engine, 
since  the  transformation  of  t)ie  oheinical  energy  does  not  pass  through  the  stage 
of  heat,  although  part  of  it  appears  to  be  lost  in  thin  way,  even  in  muscle. 

It  may  be  mentioned  here  that  von  Frey  (1909,  p.  497)  clearly  expresses  the 
view  that  only  a  part  of  the  energy  set  free  in  active  muscle  is  connected  with 
the  contractile  process  itself,  the  other  part  being  due  to  a  snbsidiafy  reaction, 
lor  which  oxygen  is  necessary. 

With  regard  to  theories  of  the  nature  of  muscular  contraction,  we  liave 
already  seen  that  it  has  some  form  of  surface  energy  as  an  essential  component 
of  the  series  of  qhanges.  White,  however,  one  set  <2  theories  regaitls  the  increase 
of  osmotic  pressure  inside  the  fibril  as  the  actual  source  of  the  tension,  another 
set  reganis  the  function  of  the  lactic  acid  to  be  that  of  changing  tbt^  surface 
tension  of  the  fibril.  In  any  case  it  is  clear  that,  in  order  to  remove  the  lactic 
acid  trom  its  position  on  the  hbrils,  expenditure  of  energy  must  be  incurred. 
Change  of  form  owing  to  diilferences  of  wator  of  imbibition,  brought  about  to^ 
acid,  has  aliio  been  suggested.  The  objection  to  this  view  is  that  the  process 
of  imbibition  under  acid  has  the  usual  ponitive  temperature  coefficient.  In  the 
present  state  of  knowledge  as  to  the  intimate  nature  of  the  process,  anv  suggestions 
must  be  purely  speculative.  But  it  seems  probable  that  hydrogen  ions,  arising 
from  dissodatum  of  the  acid,  play  au  important  part  in  the  polarisation  of  the 
cell  membranes,  and  also  in  the  separation  of  inorganic  salts  from  adstMrption  by 
colloids  in  the  sarcomeres,  as  in  Macdonald's  theory  (1909)^  which  is  similar  to  thiUi 
already  referred  to  in  the  case  of  nerve.  Tn  mn^fle.  howp^or,  t^ipse  elwtrolvtes 
which  are  set  free  owing  to  aggregation  of  colioids,  are  lepreaented  as  increa'«ing 
the  obmotic  pressure  o|. the  contents,  and  causing  shortening  by  attracting  water 
from  one  pert  of  the  fibre  to  another. 

It  ii  an  ejqperiniental  fact  that  fatigued  muscle  has  a  higher  osmotic  preasore  than  resting 
muscle,  since  it  swells  in'  a  solution  which  is  isotonic  for  the  latter,  and  models  have  been 
made  which  shorten  when  distendecl  by  forcing  in  water.  Roaf  (1914)  has  calculated  that  the 
ra'e  of  inflow  of  water  may  be  sutHeifntly  grt-at  tn  tttit^r  uo  (litiicult y  in  this  theory  of  contrao> 
tion.  It  must  also  be  admitted  that,  although  the  energy  of  a  ooatractioa  is  a  function  of  the 
area  of  certain  aurt'actM  in  the  fibre,  the  fact  doss  not  neossMfOy  esdtids  the  possiMlity  oi  the 
intervention  of  volimM  energy  dn«  to  the  osmotio  preMive  of  the  eleetrolytes  qdit  off  from 
tJiese  surfaces^ 

The  method  deeerihed  by  Roaf  (1913),  by  which  electrodes  of  varicras  types  are  used  to 

!'  I  •  clmn^e.s  in  the  cone  ontrnti'tn  of  p;\i  ticular  ions  on  the  surfac*'  of  niuHcl*'  in  contraction, 
wiU  probably  afford  valiiable  information,  when  complete,  as  to  iht-  time  relations  of  the 
mtMcle  prooewes.  This  inveatigator  hss  fotand  an  incresae  of  hydrogen  ions,  a  probable 
ill'  reasif  of  chlorine  ioii^,  and  a  diniinuti'tii  of  o\vv'»'n  t«-tisioii  in  tlli^^  av.iv.  Th<»  hydiop;cn 
ions,  no  doubt,  come  from  lactic  acid  and  the  chlorine  ions  from  putaasium  chloride,  which 
mi^t  either'be  «et  free  from  adsorption  or  escape  owing  to  disoges  of  permeabilitj. 

There  is  a  further  group  of  tliectries  which  attributes  the  development  of 
tension  in  a  muscle  to  changes  of  surface  tension  at  the  contact  of  fibrilhe  with 
snreoplasm.  That  changes  in  surface  tension  are  a  controlling  factor  in  the 
development  of  the  energy  of  muscular  contraction  is  made  practically  certain  by 
the  obflervation  of  Bernstein  (1908),  who  found  that  the  maximal  tension  developed 
by  a  particular  muscle,  for  example,  was  375  g.  at  0*  and  205  g.  at  18*. 
Thi.s  means  that  the  energy  in  question  hi\^  a  negative  t^perature  coefficient,  and 
i»f  all  the  possible  forms  nf  mf^rgy  involved  in  muscular  processft;,  snrfncp  energy 
is  the  only  one  tluit  has  a  negative  coefficient.  Tbis  follows  from  the  fact  that  the 
surface  tension  at  the  interface  between  a  li4uid  and  its  vapour  becomes  zero 
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at  the  critical  point,  and  a  negative  coefficient  Is  also  found  experimentallj 
(Freundlicbi  190li^,  p.  32).  lu  the  paper  by  Bcrnstem  some  determinations  of  the 
temperature  coeffidents  of  Uie  sarfaoe  tenstons  of  colloklal  solutiocia  «»  given,  aD(i 
i^own  to  be  negative  (see  also  page  61  above). 

Mines  (1913,  1,  pp.  14-16)  brings  forward  good  reason  for  regarding  iht 
prodnftion  of  lactic  acid  as  responsible  for  the  changes  of  surface  energy,  and  shows 
that,  owing  to  thei-e  l>eing  an  optimal  hydrogen  ion  concentration  for  the  contractile 
response,  the  first  effect  of  the  production  may  be  an  increase  of  this  factor  to 
the  optimal  value ;  hence  the  phenomenon  of  the  ''staircase."  Although  the  lactic  i 
add  is  rapidly  removed,  its  disappearance  cannot  be  instantaneous,  and  it  will  | 
probably  attain  h  finite  concentration  in  tetanus;  at  this  concentration  it  ^nll  t 
be  prfM lured  and  removed  at  an  equal  rate.    This  concentration  is,  no  doubt,  aUive 
the  optimal  one,  and  hence  the  decrease  in  height  of  each  succeeding  tvritch  in  tiie 
samination  of  tetanns.   These  effects  on  exdtability  and  tone  are  supposed 
Mines  to  be  due  to  the  diffusion  of  the  lactic  acid,  first  foniied  at  the  aeti\e 
surfaces  responsible  for  the  production  of  the  tension  of  tlie  twitch.    It  will  U- 
noted,  however,  i\\nt  we  have,  as  yet,  no  explanation  of  the  niauner  in  which  the  | 
lactic  acid  is  iibcraUxl  by  the  stimulus,  and  why  the  process  appears  to  be  a  , 
surface  phenomenon.  | 

A  further  account  of  the  question  will  be  found  in  Macalluin's  article  (1911).  j 
It  seems  clear  that  a  sufficient  change  in  tension  might  be  obtained  from  surface 
energy,  but  a  decision  on  t!io  point  is  not  yet  possible.  In  all  probability,  tf 
change  of  surface  tension  is  tiie  primary  factor,  but  osmotic  pressure  may  pl  .y 
a  part  subs^uentiy,  although  it  seems  somev?hat  doubtful  whether  sutticiciit 
tensioii  oould  be  produced  by  this  means  alone,  which  acts  rather  at  a  diaadTantafe 
The  movement  of  water,  on  the  other  hand,  is  most  readily  aeconnted  for  x/f 
changes  of  osmotic  pressure,  but  it  ma\  lu  merely  incidental. 

Haber  and  Klemensicwicz  (1909,  p.  39U),  in  their  work  on  the  forces  present 
at  the  boundaries  of  phases,  express  the  view  of  the  intervention  of  surface  tension 
as  follows :  "The  reution  between  the  chemical  process  and  the  mechanical  efleet 
oC  muscle  is  to  be  regarded  in  this  way :  production  of  add  alters  the  dectric&l 
forces  at  the  phase  boundary ;  this  electrical  change  involves  one  of  the  surface 
tension  also,  and  it  is  this  change  of  surface  tension  that  brings  about  the  i 
mechanical  deformation  of  the  muscle."  ' 

With  regard  to  several  of  the  points  discussed  in  the  preceding  pages,  the  • 
work  of  Weiisilcker  (1914)  gives  important  information.   By  means  of  a  method 
devised  by  A.  V.  Hill  and  himself  (1914),  experiments  could  be  made  <» 
the  heat  cvoIvlm^I  by  muscle  immersed  in  various  solutions.    The  "initial  heat 
production"  '\h  exactly  the  same  with  or  without  the  presence  of  oxygen.    It  i.s 
also  uuaiiected  when  oxidation  is  prevented  by  potassium  cyanide.    With  respect 
to  the  action  of  this  substance,  the  facts  given  in  Chapter  XX.  may  be  raierred 
to.   This  part  of  the  muscle  process  is,  theni  ilot  an  oxidation.   It  has  been 
mentioned  above  that  the  tension  developed  has  a  negcUire  temperature  coefficient,  | 
and  the  same  fact  is  shown  by  Weizsacker  to  hold  for  the  initial  heat  production. 
Alcohol  prevents  the  development  of  the  tensile  stress,  while  one-third  or  more  J 
of  the  imtial  heat  production  remains.   There  are  thus  two  parts  or  stages  in  the 
oontraotile  mechanism;  namdy,  one  part  providing  free  energy,  and  another 
which  transforms  this  energy  into  mechanical  potential  energy  or  wrrk.    Both  «>t 
these  are  abolished,  reversibly,  by  the  use  of  hypotonic  Kinger'h  solution,  and  at 
the  same  time.    The  three  different  components  of  the  act  of  contraction  can  thus  ; 
be  acted  on.    (1)  Cyanide  acts  on  the  oxidations.    (2)  Temperature  or  hypotonic 
saline  on  the  initial  liberation  of  energy.   (3)  Temperature  or  alcohol  on  the  trans' 
formation  of  this  energy  into  the  mechanical  response.   The  oxidative  recovery  ' 
process  is  affected  by  temperature  in  the  <;imc  way  as  a  chemical  i-eaction.    The  ! 
oxygen  used  increases,  while  the  lieat  production  falls,  with  a  ri.se  of  temperature. 

The  relaxation  of  tone  iu  smooth  muscle  is  another  aspect  of  the  negative 
temperature  coeffident  of  surface  energy. 

Pauli  (1912)  has  developed  a  theorv  on  the  lioes  of  the  colloidal  chemistry  of  the  oonipuuitdi 
of  pfotsins  with  aoid.   I  find  it  diffienlt  to  bring  this  view  into  coniiMtion  with  wast  «• 
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know  from  other  lines  of  investigation,  and  must  be  content  with  referring  the  reader  to 
the  leetnve  itself. 

There  is  one  point  that  requires  8(NDe  attention.  We  know  from  the  work 
of  Ryffel  (1909)  and  others  that,  in  considerable  muscular  work  in  nif\n,  lactic 
acid  appears  in  the  urine.  This  must  l>e  due  to  the  fact  that  tho  ftxyi,'.  n  supplied 
in  the  blood  is  insufficient  to  oxiuine  the  whole  of  the  lactic  acid  formed  by  the 
rigorous  oontroetaons  before  a  part  of  it  u  washed  away  by  the  blodd  current. 

In  eiBoetsiye  work,  as  opposed  to  normal  vigorous  work,  there  is  evidence  of  a  certain 
amniint  of  nitrogenoos  breakdown  of  the  structure  itself,  as  we  have  already  seen  (page  272). 

Fo^yd  lh^d.—TjO(^kp'  and  "Rosenheim  (1904)  found  tliat  c,'lucose,  added  to 
the  pt  [fusion  Huid  of  a  raaramaliau  heart  preparation,  gradually  disappeared; 
but,  as  Evans  (1914,  1,  p.  40S)  points  out,  this  fact  does  not  satu&ctorLly  prove 
that  it  was  ooneiiined,  since  it  might  have  been  converted  into  glycogen  or 
some  other  substance  of  less  reducing  power  than  glucose.  The  proof  was 
aflforriofl  hv  Evans  himself,  in  the  pfipf^r  referred  to,  by  showing  that  the 
respiratory  quotient  (see  p.  279)  was  raised  by  the  addition  of  glucose.  Rohdo 
(1910;  had  shown  that  the  respiratory  quotient  iu  the  first  period,  after  setting 
up  tlia»  preparation,  was  dependeDt  on  tiie  previous  diet  ol  the  animal,  so  that 
it  was  lower  after  a  flesh  and  fat  diet  thim  after  one  of  carbohydrate.  The 
result  was  confirmed  by  Evans,  and  appears  to  show  that  the  heart  can  also 
utilise  fat.  Experiments  of  Palazzolo  (1913)  show  that  tlie  fat  ermtr-nt  of 
frog's  muscles  is  diminished  by  tetanisation  to  exhaustion.  If  the  muscle  actually 
has  the  power  to  use  fat  for  energy  purposes  without  previous  oonvenion  to 
carbohydrate,  we  have  a  further  argoment  that  the  oxidation  reaction  may 
make  use  of  various  combustible  materials  indifferently,  and  therefore  that  the 
contractile  system  bo  built  up  is  not  a  chemical  one.  Winfield  (1915),  however, 
was  unable  to  find  any  disappearance  of  fat  in  the  anaerobic  contraction  of  muscle. 
It  may  be  that  the  production  of  lactic  acid  from  carbohydrate  is  the  normal 
process,  but  that,  in  the  absenoe,  or  defldency;  ol  carbohydrate,  other  substances 
may  be  used  and  that  some  other  atnd  may  take  the  place  of  lactic  acid.  The 
appearance  of  oxybutyric  acid  or  aceto-acotic  acid  in  diabetes,  wlicrt*  the  muscle  is 
unable  to  utilise  carbohydrate,  may  have  some  connection  with  this  possibility.  A 
further  significant  fact  in  tliat  Hopkins  and  Winfield  (1915)  find  that  the  pancreas, 
which  is  so  intimately  connected  with  the  utilisation  of  carbohydrate,  has  a  direct 
effect  on  the  formation  of  lactic  acid  in  muscle,  although  it  is  a  restraining  one. 

CainpViell,  Douglas,  and  Hobson  (1914)  show  that  muscular  work  is  associated 
with  a  rise  in  the  respirntory  quotient,  which  is  not  merely  due  to  profluction  of 
lactic  acid  driving  oiY  carbon  dioxide,  since  it  remains  raised  during  the  per- 
fonnaiice  of  work,  and,  on  cessation  of  work,  there  is  at  fint  a  furdier  tranporaiy 
rise  tf)  nearly  one.  It  subsequently  falls  to  below  normaL  This  seems  to  show 
that  carbohydrate  is  burned.  The  late  fall  to  below  normal  might  be  due  either 
to  ttie  carbohydrate  storf>  having  beoi  exhausted  or  to  formation  of  new  carbo* 
hydrate  from  other  substances. 

Benedict  and  Catbcart  also  (1913,  p.  94)  find  that  th  ere  is  a  rise  in  the 
respifutoipr  quotient  daring  work;  thus  showing  that  there  is  an  increased 
consumption  of  carbohydrate.  But  the  fact  that  the  respiratory  quotient  very 
rarely  rhf^  to  0-98,  as  they  point  out,  prevents  tlio  conclusion  bein^  drawn  from 
these  experiments  that  muscular  work  is  performe<i  exclusively  at  the  expense  of 
combustion  of  carbohydrate.  Moreover,  the  more  severe  the  work,  the  heavier  * 
is  the  draft  upon  the  carbohydrate  material  of  the  body.  So  that,  in  tiie 
subsequent  resting  period,  a  lower  proportion  *  >f  •  ar1)ohydrate  is  burned  for  the 
purpose  of  the  total  energy  output  of  this  period.  These  workers  state  that  their 
average  results  suggest  that  the  energy  for  muscular  work  is  afforded  exclusively  hy 
the  oxidation  of  carbohydrate.  They  were  unable  to  find  any  evidence  of  the 
convenkm  of  Cit  to  glycogen  during  muscular  activity  (p.  146). 

SJScienejf. — ^We  nave  already  seen  tiiat  the  potential  energy  of  tension  can 
practically  be  all  converted  to  external  work,  a  very  small  fraction  only  being 
degraded  to  heat  in  the  proce^is.  In  other  words,  nearly  the  whole  of  the  enertry 
is  "free."  in  the  engineer's  sense,  the  ** efficiency,"  that  is,  the  proportion  of 
the  work  done  to  the  total  energj'  change,  is  nearly  100  per  cent.    This  value 
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is  only  Uj  be  obtuiiiril  in  upiiuial  conditions,  but  its  imy^ortance  is  obvious.  If, 
on  the  contrary,  we  include  the  laeat  given  oflf  in  the  restitution  phase,  as  must 
be  done  when  we  consider  the  muscle  as  a  machine  performing  work  by  meant 
of  food  supplied,  the  efficiency  is  only  about  50  per  cent.,  since,  in  the  second 
phase,  the  heat  given  off  is  about  equal  to  the  work  of  the  first  phase,  while 
no  external  work  is  done  (A.  V.  Hill,  1913,  2,  p.  465).  But  even  this  compares 
favourably  with  the  most  efficient  heat  engine  yet  made. 

Tliis  high  efficiency  of  striated  muscle  applies  only  to  the  single  twitch,  or 
the  act  of  raising  a  weight  as  opposed  to  that  of  keeping  it  supported.  While 
the  process  of  raising  a  weight,  that  is,  the  performnnce  of  actual  external  work,  is 
a  very  economical  one,  that  of  keeping  it  suspended,  without  performance  of 
further  external  work,  is  much  less  otHcient.  In  the  frog,  as  A.  V.  Hill  has 
shown  (1913,  4,  p.  322),  to  maintain  a  particular  state  of  tension  in  the  sartorius 
muscle  it  is  necessary  to  liberate  six  or  seven  times  ae  much  energy  per  second  as 
that  required  to  produce  it.  This  fact  suggests  that  the  state  of  tension  must 
be  maintained  less  wastefully  in  other  forms  of  muscular  structure,  and  ptthaps 
in  stnated  muscle  in  natural  modes  of  stiraulation,  a  question  to  be  discussed  in 
Chapter  XVIII.  on  "Tonus/'  It  may  be  that  the  state  of  shortening  is  kept  up 
without  tension. 

This  consumption  of  energy  in  processes  by  which  no  external  work  is  performed 
renders  the  calculation  of  the  efficient^  of  the  whole  animal  as  a  motor  a  matter 
€i  considerable  difficulty.  The  experiments  of  Zuntz,  Ben^lct,  and  others,  on 
the  heat  and  rf^'^piratf)ry  exchange  of  men  doing  measured  amounts  of  \\ ork,  are 
beyond  the  scoj)e  ut  this  book.  The  paper  by  Macdonald  (1913)  may  ^Je  uu-ntioned, 
together  with  that  by  Glazebrook  and  Dye  (1914),  in  whigh  Macdonald'a  results 
are  used  to  obtain  math^natical  expressions  relating  to  heat  and  work.  In  the  case 
of  a  particular  individual,  the  efficiency  conies  out  as  25  per  cent.  The  detailed  re- 
searches of  Benedict  and  Cathcart  (1913)  should  also  be  consulted  by  those  interested. 

Tt  will  be  clear  that  the  calculation  of  the  efficioncj'  of  an  animal  as  a  motor 
depends  on  how  this  estimation  is  made.  Owing  to  the  low  efficiency  of  the 
maintenance  of  tension,  it  will  make  considerable  difference  whether  the  calcula- 
tion is  made  by  taking  the  difference  between  the  heat  evolved  in  maintaining  a 
weight  at  a  constant  height,  and  that  evolved  in  t)u&ng  it  from  this  height  to  a 
furtlior  one.  and  aijain  maintjiininij  it  at  tliis  position.  The  tension  IxMng  the 
same  in  the  t^  o  maintenance  positions,  the  heat  production  will  be  the  sjinie,  and 
the  difference  will  he  that  associated  with  the  performance  of  the  external  work. 
In  this  way  a  high  ethciency  is  arrived  at.  Similarly,  Zuntz  calculates  his  values 
on  the  basis  of  the  difference  between  the  carbon  dioxide  output  when  walking  on 
the  level  and  that  when  walking  up  hill.  The  whole  question  is  discussed  by 
Benedict  and  Cathcart  (1913).  The  efficiency  found  by  them,  nndtr  most 
acetnate  condition*?  (p.  142),  that  is,  com)>aring  the  efficiency  obtained  uiK:cr 
motlerate  work  with  that  of  heavier  work  with  the  same  apparatus,  was  as  high  as 
33  per  cent.  In  this  way  an  accurate  base  line  for  the  increased  metabolism  was 
obtained.  In  other  words,  the  increase  in  the  effective  muscular  work  may  be 
as  high  as  33  per  cent,  of  the  increase  in  total  heat  output." 

Accordini;  t*^  "Macdonald  (1914).  the  rate  of  heat  pr  tlnction,  Q,  associated 
with  cyt'ling  at  a  iinifni  ni  rate,  but  with  varied  peiiormauces  of  mechanical  work, 
is  expressed  by  the  formula : — 

a+Ey-Q, 

where  x  is  the  heat  production  associated  with  uniform  rate  of  movement^  and  y 
the  rate  of  performance  of  work. 

E  is  found  to  vary  inversely  with  W^, 

at,  for  a  particular  subject,  was  found  to  be 

V 

43V'^'. 

where  V  is  the  rate  of  revolution  of  tlie  bicycle  per  minute.    This  expression 
also  found  to  be  related  to  the  weight  of  dificfrent  subjects  thus : — 
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It  shows  thfit  there  is  a  partitnilar  rate  of  ]M*r fonimnrf'  of  work  at  which  the  total 
efficiency  is  maximal  ;  above  ami  below  tins  rate,  the  elliciency  falls. 

Ill  connectioa  with  the  heat  developed  iii  tetanic  contmction,  the  tact  tlesciibed 
by  A.  V.  Hill  (1913,  4,  p.  317),  that  the  heat-production  per  nmt  of  tension  is 
independent  of  the  frequency  of  stimulation  between  17  and  100  per;  second, 
is  of  interest.  It  indicates  that  "  the  rise  of  tension  is  due  to  the  presence  of 
fhrraical  substances,  liberated  in  conjunction  with  heat,  by  the  processes  called 
forth  by  excitation.  The  presence  of  a  definite  amount  of  these  substances  in  tlie 
neighbourhood  of  certain  surfaces  or  interfaces  in  the  muscle,  calls  forth  the  same 
amount  of  tension  independent  of  the  exact  rate  at  which  the  stimuli  occur. 
These  chemical  saliatanoeB  are  removed  or  destroyed  at  a  rate  proportional  :to  their 
concentration  at  any  moment ;  and.  therefore,  if  they  are  produced  (and  l  emoved) 
at  a  greater  rate  by  an  increased  frequency  of  excitation,  their  concentration  in 
the  muscle  must  be  increased  proportionally.  This  increased  couct^ut  ration, 
however,  is  accompanied  by  an  increased  tension,  and,  therefore,  the  tension 
developeid  remains  proportional  to  the  rate  of  beat-production.'' 

FATIGUE 

If  a  muscle  is  caused  to  work  at  a  greater  rate  than  the  lactic  acid  produced 
can  be  removed  by  oxidation,  it  be<'omes  "fatigued,"  that  is,  incapable  of  full 
activity,  or  even  of  any  at  all.  Naturally,  this  result  cornea  on  more  rapidly 
in  the  absence  of  oxygen. 

From  the  experiments  of  Fletcher  and  Hopkins,  and  of  Peters^  referred  to 
abov^  the  amount  of  lactic  acid  found  in  a  muscle,  stimulated  to  fati^e,  only 
amounts  to  about  one-half  of  that  obtained  in  heat  rigor.  The  power  |of  oon« 
traction  ceases  before  the  whole  of  the  "excitable  substance"  is  used  up. 

This  fact  suggests  that  the  lactic  acid  has  a  toxic  eilect,  or  that  the  process  is 
of  the  nature  of  a  balanced,  reversible  one.  Certain  experiments  by  lipschutz 
(1908)  show  that  the  spinal  oord  of  the  frog,  after  fatigue  in  absence  of  oxygen, 
can  be  restored  to  a  certain  extent  by  perfusion  with  Ringer's  solution  carefully 
^Icprived  of  oxygen  ;  so  that  it  set^ms  probable  that  the  same  fact  would  be  found 
in  tiie  case  of  muscle.  It  would  be  interesting  to  know  whether  more  lactic  acid 
could  be  formed  by  stimulation,  if  that  produced  were  washed  away  as  formed. 
Such  experiments  would  also  tiirow  light  on  the  question  of  the  fonuiation  of 
lactic  acid  from  carbohydrate  in  the  muscle. 

It  is  important  to  note  that  fatij^aie  of  voluntary  eontraetion,  as  investigated 
by  the  ergograjih,  or  similar  method,  is  not  situated  in  the  muscle  tissue  itself. 
Artiticial  stimulation  of  the  motor  nerve  can  still  cause  contraction  when  fatigue 
to  voluntary  innervation  has  set  in. 

The  efiEect  of  the  firgf  stimtdi  after  a  poiod  of  rest  is  usually  less  than  that  of 
the  subse<|iient  cjnes  ;  thus  a  series  of  stimuli  gives,  first,  a  rise  in  height  of 
contraction  ( Buckmaster.  188G),  then  a  period  of  maximal  height,  and,  finally,  a 
diiiiiuution  oNi^ing  to  fati;j:ue.  Ft  appears  that  the  presence  of  a  small  quantity 
of  the  products  of  activity  is  lavourable. 

For  further  particulars  of  the  question  of  fatigue  and  its  industrial  importance, 
see  F  a  Lee  (1905  and  1907)  and  E:  L.  Scott  (19X8),  which  also  give  references 
to  literature. 

SPECIAL  CONTRACTILE  TISSUES 

The  Heart. — There  are  certain  important  cVracteristics  of  n^uscular  Structures 
which  are  particularly  well  shown  by  the  heart  muscle,  while  there  are  other 
cliaracteristics  which  have,  as  yet,  lx;en  investigatifl  in  the  case  of  tin's  organ  only, 
although  they  have,  in  all  probability,  a  general  apphcation.  It  may  be  noticed 
that  certain  of  these  were,  at  one  time,  supposed  to  be  peculiar  to  heart  muscle, 
although  later  work  showed  them  to  be  also  present  in  nerve  and  in  voluntary 
unisrlf-.  Tn  tlic  following  pages,  some  facts  concerning  the  general  properties 
of  liie  muscle  as  a  contractile  tissue  will  be  mentioned ;  its  function  as  a 
puiup  fur  the  maintaining  of  the  circulation  of  the  blood,  together  with  the 
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question  of  the  origin  and  regulation  of  the  beat,  will  be  described  in 
Clmptor  XXIII. 

'■^  All  or  Nothing." — This  fact  waa  discovered  by  Bowditch  (1871)  in  the  heart 


Fi<».  RKKU\rTi»i:Y    rK.Rion    in   mor.'a   VKNTiciri.E. — Spontaneous  OOD- 

triK'tioii-*  with  artiti'  iiil  ^»timiilus  ajiitli^Kl  at  varii)U.s  intervals  after  a  C0Q> 
traction,  as  indicaterl  by  a  rise  in  the  signal  lino. 

In  line*  1.  2.  and  3  the  seconrl  stimulus  hu  no  effect. 

The  Bucoeedinif  lin<>9  »how  tfradual  «le<Tease  of  latent  j>eriod  (shaded  part)  of  the  extra  contractioo 

which  takes  plwe  at  tWw  jierirxl. 
The  "comi^en-wtory  |«u»o,"  aft*r  the  txtra  s.vstole,  b  showm  in  lines  4,  5.  8,  7,  and  8. 

(Marey,  1885,  p.  417.) 

of  the  frog.  On  account  of  its  interest  and  importance,  the  words  used  by  the 
investigator  himself  may  Iv?  given,  in  translation,  thus :  "  An  induction  shocit 
produces  a  contraction  or  fails  to  do  .so  according  to  its  strength  ;  if  it  does  so  at 
all,  it  produces  the  greatest  contraction  that  can  be  produced  by  any  strength  of 
•timulus  in  the  condition  of  the  muscle  at  the  time  "  (p.  687). 
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We  have  seen  that  the  phenomenon  is  shown  by  voluntary  muscle  and  by 
nerve.  The  law  applies  also  to  the  movements  of  plants  (Burdon-Sanderson, 
1882,  p.  42). 

Staircase. — This  phenomenon  was  also  demonstrated  by  Bowdit<*h  (1871, 
p.  669)  in  the  frog's  heart.    Buckmaster  (188G)  found  it  in  voluntary  muscle  and, 
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ao  we  have  seen  (page  391),  the  local  effect  left  behind  by  an  inadequate  stimulus 
to  nerve,  as  shown  by  Adrian  and  Lucas  (1912),  seems  to  be  a  similar  condition. 
Xli is  latter  summation  of  inader{uate  stimuli  ("summation  of  excitation,"  as  it  is 
sometimes  called)  is  shown  by  various  muscular  tissues  and  must  be  distinguished 
from  the  summation  of  contractions  observwl  in  the  su|x»rposition  of  tetanus, 
where  a  contraction  takes  its  start  from  a  position  of  incomplete  disappearance  of 
the  one  preceding  it. 
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Hefractonf  PeriocL — This  can  easily  be  detected  in  the  heart  muscle.    If  • 

stimuliis  is  pnt  in  at  Vfirions  points  on  the  course  of  a  previous  contracti'>n, 
natuml  or  excited  l)_v  artificial  stimulus,  uo  eil't'ct  is  pioduccfl  until  a  certain  staj;*^ 
is  reached  and  it  ii>  found  that,  within  limitii,  the  btruiiger  the  stimulus,  the  tatr-iier 
is  a  second  contraction  capable  of  being  excited;  as  already  mentioned,  in  the 
very  earliest  part  of  this  period  no  contraction  can  be  produced  by  any  stimulus 
whatever.  If  any  effect  at  all  is  produced,  it  is  the  ninximum  nno  that  the  tissue 
is  cnpal)]e  of  uivinj;  at  tliat  stage  of  i*ecovery  (see  Figs.  i'SS  and  \ 

^ujnmalUm  of  Contraction. — Mines  (1913,  1,  p.  22)  shoe's  tiiat,  jn  the  ventricle 
of  the  Selachian  fish,  Torpedo,  an  artificial  stimulus,  at  a  short  interval  after  a 
normal  beat^  produces  a  greaUr  response  th^  the  normal  one,  and  that  this 
response  may  occur  at  so  short  an  interval  that  the  previous  contraction  has  not 
completely  disappeared,  m  tluit  superposition  mny  occur.  As  the  interval 
increases,  the  height  of  tiiu  second  contiuction  decreases,  until,  at  the  nomial 
interval  between  spontaneous  beats,  the  normal  height  of  contraction  is  given  by 
an  artificial  stimulus.  These  facts  and  the  relativelv  short  refractory  period 
associated  with  the  phenomenon  are  shown  in  Fig.  139  qpage  453).  The  increase 
of  hcicrht  is,  no  doubt,  a  similar  phenomenon  to  that  observed  in  slxeletal  niu-.  le 
anrl  is  probably  due  to  an  increase  of  hydrogen-ion  concentration  to  its  optimal 
value  by  the  lactic  acid  formed  in  contraction  (see  the  following  section  below). 

AetUm  <if  I<m». — The  powerful  effisct  of  certain  iuorganic  ions  has  been  refened 
to  above  (page  143).  A  few  additional  facts  are  of  interest  in  the  present 
connection.  The  part  played  by  lactic  acid  suggests  that  hydro*,'en  ions  have  an 
important  share  in  the  phenomenon.  Mines  (1913,  3,  p.  221)  finds  that  the 
optimal  concentration  of  hydrogen  ions  for  the  heart  is  10"''.  If  slightly  above 
this,  say  10~*^,  the  beats  become  slower  and  weaker,  the  duration  of  the 
eleetricu  change  is  diminished,  while  the  rate  of  transmission  from  auricle  to 
ventricle  is  decieased  (see  also  Fig.  55,  page  187). 

Since  increase  in  frequency  of  l)eat  results  naturally  in  increase  of  hydrogen- 
ion  concentration,  the  alM»ve  ctiocts  may  be  expected  to  be  met  with  in  such  a  case. 
Similarly,  with  increased  rate  of  stimulation  of  skeletal  muscle,  we  may  expect 
conesponding  results. 

The  action  of  calcium  ions  tB  of  much  importance.  We  have  already  described 
Rincfor's  work  in  some  detail  (pages  207-209).  Although  calcium  is  necessarr  for 
the  occurrence  of  contractions,  it  was  noticed  by  Locke  and  liosenheiin  (liX'TV 
that  a  heart  at  rest,  owing  to  absence  of  calcium,  still  continued  to  consume 
glucose,  and  that  the  deetrical  change  still  remained  strong.  This  latter  observa- 
tion was  confirmed  by  Mines  (1913,  3,  p.  224),  and  further  analysed.  It  was  found 
that  calcium  has  two  eflPects.  It  is  well  known  that,  as  far  as  its  eflfect  on  the 
contractile  function  is  concerned,  it  cannot  be  replaced  by  magnesium.  Thu«!,  if 
we  replace  a  normal  tluid  by  one  containing  magnesium  in  place  of  calcium,  the 
effect  on  the  size  of  the  contractions  and  on  the  transmission  from  auricle  to 
ventricle  is  the  same  as  if  we  had  merely  removed  calcium;  but  the  primaij 
quickening  of  the  rhythm,  which  is  the  first  eflfoct  of  a  solution  devoid  of  calcium, 
is  absent.  So  that,  as  far  ft«  this  latter  effect  is  concerned,  maj^esium  can  replace 
calcinm.  It  appears  that  the  contractions  fail  in  the  absence  of  calcium  In-caii^e 
the  actual  contractile  mechanism,  on  which  lactic  acid  plays,  is  thrown  out  of  gear 
in  some  way.  A  point  of  interest,  upon  which  further  imoimation  is  required,  is 
whether  there  is  production  of  heat,  whidi  would  be  expected  to  occur  when 
glucose  is  consumed.  It  df>e?<  not  seem  to  me  to  be  a  t>iitisfHctory  explanation  to 
supp*>se  that  the  contractile  s\il)<;tnnce  is  in  the  forms  of  strands  of  a  calciuni  suit 
of  some  colloidal  material,  which  contracts  when  acid  is  fonned  in  contact  with  it. 
The  various  facts  referred  to  on  previous  pages  indicate  rather  an  electrical  effect 
on  sur&ce  en^gy,  but  dogmatic  statements  are  out  of  pUce  at  present. 

Contraciih  Muscles  mid  Arrest  Muscles. — In  many  animals,  as  we  shall  see  in 
mere  detail  in  Chapter  X  VIIT.,  the  two  functions  of  .shortcniiiir  s^nd  of  maintenance 
in  the  state  of  shortening  arrived  at,  appear  to  be  assigned  to  separate  muscle 
fibres  of  different  characteristic  properties.  In  the  bivalve  molluscs,  there  is  a 
small  quickly  contracting  muscle  which  closes  the  shells;  but  the  ahells  are  kept 
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closed  by  a  stroog,  slowly  acting  muscle,  which  follows  up,  as  it  were,  the  rapid 
contraction  of  the  other  and  holds  tlie  shells  together.  Tins  last  effect  seems  to  be 
done  by  some  kind  of  an  arrangement  which  may  be  compared  to  a  ratchet,  the 
process  being  attended  with  no  consumption  of  energy.  A  description  of  certain 
of  these  mechaiiisms  will  be  found  in  the  book  by  von  Uezkull  (1909,  pp.  92  and 
1 44).   The  question  is  discussed  in  Chapter  XVIII. 

TRANSMISSION  OF  EXCITATION  IN  MUSCLE 

In  skdetal  muscle  it  is  important  for  sensitive  grading  of  contraction  that  the 
fibres  should  act  separately.   In  smooth  muscle  and  in  the  heart,  excitation  can 

travel  from  one  fibre  or  cell  to  another,  so  that  there  are  waves  of  contraction 
passing  over  the  mass  of  mnsele.  In  the  heart,  the  separate  fibres  ai^e  connected 
V>y  bridges  of  muscular  structure,  but,  in  the  tj'pical  smooth  muscle,  such  as  the 
intestine,  it  is  more  difficult  to  ascertain  the  mode  of  transmission  from  cell  to  cell. 
In  both  cases,  howeTor,  it  can  be  seen  that  a  stimulus  applied  to  a  point  starts 
a  wave  of  contraction,  which  travels  in  all  directions  from  the  point  stimulated. 

-  It  is  Vfi-y  instructive  to  le.id  off  tlir  <iuiesoent  ventricle  of  the  frog,  or  bettor  of  the  tortoise, 
by  two  electrodes  to  a  capillary  electrometer,  the  electrodes  being  as  far  apart  as  possible,  say 
on  the  apex  and  base,  respectively.  If  an  induction  ehoelc  is  applied  close  to  one  of  the 
electrodes,  say  that  at  tin-  Ha?:e,  a  fliphasie  fleet rical  response  will  Ir;  seen,  indicating  by 
its  direction  Uiat  a  negative  wave  has  started  at  the  base  and  been  propagated  to  the  apex. 
The  aeighbonrhood  of  the  electrode  at  the  apex  is  then  stimulated ;  we  see  again  a  diphasic 
response,  but  tliis  time  the  negative  wave  starts  at  tho  apex  antl  is  propagated  to  the  base, 
so  tliat,  if  the  tirst  phase  in  the  first  experioient  was  an  upward  movement  of  the  mercury, 
in  the  seoond  experiment  it  will  be  downward. 

It  is  not  to  be  taken  for  granted  that  the  muscular  sjrstems  of  the  lower 
iiiTertebrates  necessarily  beh(1^e  in  the  same  way  as  the  smooth  muscle  of  the 
vertebrate.  It  is  important  for  their  movements  that  accurate  control  should  be 
exercised  over  separate  fibres  and,  accordingly,  wc  find  that  (\  oii  Uexkllll,  1909, 
p.  79),  even  in  the  Meduste,  the  contraction  produced  by  an  electrical  stimulus 
remains,  in  certain  cases,  limited  to  the  spot  excited ;  the  excitatory  process  does  not 
spread  from  one  fibre  to  another.  This  applies  to  the  ring  of  musde  around  the  edge 
of  the  umbrella  of  JShizostoma.  On  the  other  hand,  in  Aurdia^  as  Romanes  has 
shown  (1876),  the  urabrella  can  be  cut  up  into  a  spiral  or  other  shape,  and  a  con- 
tr.iction  produced  by  stimulus  applied  at  one  end  is  c  onducted  to  the  other  end. 
Romanes  (1885,  p.  77),  however,  i*egard.s  it  as  proved  timt  the  excitatory  process  is 
*  conveyed  by  the  nerve  network  and  not  by  transmission  from  muscle  cell  to 
mu-scle  cell  directly.  The  properties  of  sudi  nerve  netwwks  will  be  discussed  in 
the  next  chapter. 

PRODUCTION  OF  HEAT 

The  time  relations  of  the  production  of  heat  in  muscular  contraction  have  ' 
been  described  above.  We  saw  that,  in  the  rsstitution  process,  in  which  an 
oxidative  reaction  restores  the  system  to  its  original  state  with  a  store  of  potential 
energy,  a  certain  amount  of  chemical  energy  is  degraded  to  heat,  and  oXm  that 
the  contractile  tension  developed  on  excitation,  if  unused  for  the  performance  of 
external  work,  is  transformed  to  heat  in  the  muscle  itself. 

Now,  in  the  warm-blooded  animal,  this  heat  must  not  be  looked  upon  as  entirely 
wasted,  since  it  serves  to  keep  up  the  temperature  of  the  organism.  The  impmir 
ance  of  this  raised  temperature  for  the  h^stenini^  of  chemical  reactions,  in  response 
to  changes  in  the  environment,  has  l3een  pointed  out. 

Muscular  contraction  is,  in  fact,  the  chief,  if  not  the  only,  source  of  heat 
of  practical  importance  to  the  uaimal  organism.  Of  course,  heat  is  produced 
in  other  chemi4»I  reactions,  especially  those  of  oxidation,  but  they  make  up 
but  a  small  part  of  the  total. 

Even  cold-blooded  animal*?  and  plant's  produce  heat,  Ijut  they  are  not  provided 
with  arrangements  for  keepiuL,'  their  temperature  constant,  so  that  it  is  usually 
only  a  fraction  of  a  decree  higher  than  lliul  of  their  surroundings,  Heuce  they 
are  called     poikilothermic,"  of  varying   temperature,  whereas  the  higher 
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vertebratei^  Inrds  and  TnammalB,  arc  "IioinoloilienBic,'*  that  is,  of  naifbrai 

temperature. 

Under  certain  circumstances,  as  in  a  hive  ol  beesj  the  temperature  ol 
poikilothermic  animals  may  rise  considerably. 

In  a  wanii->b1ooded  animal,  even  at  rest,  tiiete  Is  a  considemble  prodnctioii 
of  heat  by  muscular  conti-action,  which  is  always  present  in  the  form  of  reflex 

tone.  This  is  naturally  less  in  sleep,  and  we  can  observe  the  care  taken  by 
animals  to  avoid  loss  of  heat  when  asleep.  We  know  also  how  much  more 
rapidly  we  become  cold  when  asleep  than  when  awake.  T\mx^  are  always 
certain  muscolar  movements  going  on,  as  tbose  of  the  heart  and  mnsdea  of 
rosfiivatuni. 

CalorimOry, — The  apparatus  osed  for  detennining  the  output  of  heat  is, 

like  that  used  for  the  same  purpose  in  physics  and  chemistry,  called  a  ca.lori- 
meter.  It  may  be  made  on  various  principles,  but  the  only  Batisfactory  one 
for  use  witii  large  animals,  such  as  man,  is  that  described  by  Williams  (1912), 
as  an  improvemflot  on  that  of  Atvater,  and  by  Maododald  (1913).  Hie 
principle  on  whioh  this  apparatiis  is  constructed  is  to  absorb. the  heat  produced 
bv  the  animal  by  means  of  a  current  of  water  circulating  through  riblwvl  tubes 
in  the  chamber.  When  the  amount  of  water  tiowing  and  the  temp<?rHture 
difference  between  the  inflow  and  outflow  are  known,  the  quantity  of  heat  can 
be  calculated.  A.  V.  and  A.  M.  Hill  (1913  and  1914)  have  anai^^  apparatus 
of  a  similar  kind  for  automatie  registration  over  long  periods  of  time  and  have 
avoided  the  difficulty  of  loss  of  heat,  by  conduction  and  radiation,  by  the  use 
of  large  vacuum-jacketed  flasks  for  small  animals,  and  double  walled  tanks 
for  larger  animals,  the  heat  insulation  in  the  latter  case  being  provided  by 
sawdust  and  "  kapok  wool."  The  heat  produced  is  removed  by  a  current  of  water 
and  the  diflbrenoe  of  temperature  between  thermo-eleetrie  junctions  in  Inlet 
and  outlet  is  registered  by  a  self-reoording  galvanometer.  The  micro-calorimeter 
of  A.  V.  Hill  (1911,  2)  is  used  in  cfiRe'?  of  small  production  of  heat 

Th«  Normal  Production  of  Heat— A..  V.  and  A.  M.  Hill  (1913)  find  that, 
in  adult  or  nearly  full-grown  rats,  the  fasting  production  is  directly  proportional 
to'tbeir  weight  In  the  ease  of  young  animala,  the  proportion  Is  more  nearly 
to  their  surface,  but  is  actually  higher,  compared  with  that  of  adults,  than  woold 
be  due  to  their  relatively  f^reater  surface. 

This  non-proportion  of  heat  jn-odnction  to  body  surface  in  rat.s  sh'-nvs  that 
production  is  not  regulated  by  actual  loss  alone,  but  that  it  is  a  conset^uence 
of  necesMiy  tissne  activity.  Hiss  A.  H.  Wl  (1913)  points  oni  that  If  Hie  beat 
production  is  determined  by  heat  loss  alone,  the  former  ahoold  be  proportiopal 
to  the  difference  between  the  animal's  temperature  and  the  external  temperature. 
If  tbo  rlifTerence  is  22'  (extemal  t-eroperature,  15°)  the  mean  production  was 
found  to  be  li03  calories  per  gram  per  day.  With  a  difference  of  11°  (external 
temperature  26*^  instead  of  being  half  the  previous  one,  the  production  was 
found  to  be  166  calories,  or  about  four-fifths. 

Macdonald  (1913)  finds  in  man  at  rest  that  the  heat  production  is  proportional 
to  the  surface,  that  is,  to  the  two-tliirds  power  of  the  weight.  In  work,  the  offec  t  « 'f 
weight  decreases,  or  the  heat  production  approaches  more  nearly  to  proponicnality 
to  weight,  as  would  be  expected,  since  the  muscles  make  up  so  large  a  proportion 
of  the  weight. 

Effect  qf  FwhL'—V^  animals  show  considerably  mote  evolution  of  heat  than 

fasting  ones.  • 

T?ie  Regulation  of  Temperature. — In  warm-blooded  animals,  w!iore  a  d(»1icate 
adjustment  of  rates  of  reactions  to  a  particular  temperature  has  been  developed, 
it  IS  clearly  of  great  importance  that  means  should  be  adopted  to  maintain  this 
temperature  at  a  constant  level. 

Let  us  see  what  means  are  available  for  the  purpose.  The  production  may  be 
increased  or  decreased  by  mimcular  activity'  or  rest;  but  this,  especinllv  in  high 
extemal  temperatures,  is  somewhat  liinit<;d  in  range,  since  a  certain  degree  of 
muscular  activity  in  respiration,  heart  beat  and  so  on,  must  be  continued.  It  is 
particularly  effective  in  counteracting  fall  of  external  temperature.  Next*  wo 
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b&Te  Tory  e£fectiTe  meftos  ol  inoreaaing  loss  of  heat  from  the  siufue,  indndisg 
that  of  the  month  and  reapinitory  passages.  This  may  be  done  by  dilatation  oi 
the  blood  v^eels  of  the  skin,  mucous  niembranet  etc,  but  more  effectively  by 
evaporation  of  water,  as  pointed  (mt  on  [>age  227  above.  Hf^noe  we  see  tlie  value 
of  the  sweat  glands.  Intreaiied  evaporation  .of  water  is  also  cause<i  by  iuci-eased 
rate  of  bi*eatbing,  which  has  a  direct  cooling  action  on  the  mucous  membrane 
of  the  respimtory  passages.  Oonversely,  lose  <St  heat  may  be  decreased  by  vascular 
GonatriotioD  in  the  skin. 

It  was  pointed  out  by  Fredericq  (1882)  that  the  cold  to  be  struggled  against 
comf*^  from  the  outside  and  acts  on  sensory  nerves  in  the  skin  ;  M'hereas  increased 
heat  aimoMt  invariably  arises  in  the  organism  itself  and  acts  by  raising  the 
temperature  of  the  blood,  in  that  the  centres  of  the  sweat  nerves  and  the  vaso- 
dilator  nerves  are  supposed  to  be  excited  by  a  rise  of  temperature.  Naturally, 
the  effect  of  external  cold  is  also  to  cool,  in  a  limited  degree,  the  blood  leaving  the 
skin,  but,  since  one  of  the  means  adopte<l  to  counteract  cold  is  constriction  of  the 
biood  vessels  in  the  skin,  there  must  be  comparatively  little  cooling  of  the  bkxxi. 
On  the  other  hand,  the  external  temperature  very  rarely  rises  above  that  of  the 
warm-blooded  animal,  so  that  sthnulation  of  cataneous  nerves  wiU  be  secondary 
in  this  case,  although  not  entirely  excluded.  Put  in  other  words,  the  struggle 
against  cold  is  prrt*n\trvfl  and  obstructs  loss  of  heat ;  that  against  heat  is  rather 
ctratice  and  inerpHs^^s  the  loss  of  excess  heat  produced,  rarely  In-ing  able  to  diminish 
production  to  au  ellective  extent.  As  regards  this  la^t  point,  it  may  be  said  to 
depend  on  the  condition  of  the  animal.  If  the  surronnding  temperature  is  foirly 
warm,  the  animal  will  be  quiet  and  thus  unable  to  diminish  muscular  contraction 
to  a  further  extent  \n  hen  the  temperature  rises  :  whereas,  if  the  temperature  is  low, 
the  animal  is  active  and  able  to  become  quiet  when  the  temperature  rises. 

Observations  on  the  output  of  carbon  dioxide  form  a  very  convenient  means 

of  eetlniating  heat  production  and  have  been  made  much  use  of  for  this  purpose. 

If  we  take  an  animu  and  measure  its  respiratory  exchange  when  the  temperature 

is  at  15"  in  the  room,  the  animal  is  active  and  we  obtain  a  certain  value;  raise 

the  surrounding  temperatnie  to  about  30",  the  animal  lies  quiet  and  probnhlv  goes 

to  sleep ;  there  is  diminisiied  production  of  heat  shown  by  decrease  of  oxygen 

absorption  and  carbon  dioxide  output ;  again,  lower  the  surrounding  temperature 

to  about  0*,  great  muscular  activity,  with  shivering,  sets  in  and  considerable 

increase  of  carbon  dio.xide  output  takes  place. 

These  experiments  can  be  done  cf>nvenieiitly  on  a  niou.ue  with  the  apparatus  described  by 
Ha*dane  (18i^2)  and  muditied  hy  ruiiibrey  (1894)  for  u^e  witii  small  animau;. 

Since  the  means  adopted  for  regulation  of  temperature  involve  the  bringing 
into  play  of  so  many  and  various  kinds  of  efferent  nerves,  muscular,  secretory, 
vasomotor,  and  so  on,  it  is  plain  that  a  co-ordinating  centre  is  a  necessity. 

Experiments  by  Aronsohn  and  Sachs  (1885)  showed  that  puncture  of  the  median 
side  of  tht  mrpus  striatun^  in  the  rabbit  caused  eonciderable  rise  in  temperature. 
Further  important  experiments  were  made  by  Barbour  (1912),  who  showed  that 
application  of  heat  or  cold  to  the  anterior  end  of  the  corpus  striatum,  in  the  region 
<^  the  caudate  nucleus,  by  means  of  a  cylindrkal  metal  tube  through  which  water 
was  circulated,  caused  deftnite  changes  in  the  body  temperature.  Any  temperature 
below  33°,  in  the  conditi«iT^.s  of  the  experiments,  acts  as  a  cold  sfimuhis  and 
produces  a  nVt"  in  rec-tal  tenqx  rature,  together  with  Rliivering  and  \  as(j  constriction 
in  the  skin.  Cold  acts,  then,  an  an  exciting  agent,  like  puncture,  electrical 
atimulation,  or  the  toxic  aubstaiioes  of  fever.  Seatf  on  the  other  hand,  that  Is,  a 
stimulation  temj)erature  d  42%  in  the  conditions  of  the  experiments,  produces  a 
fall  in  rectal  temperature,  muscular  relaxation  and  dilatation  of  skin  vessels 
(Fig.  140).  It  is  to  be  presumed,  also,  that  nerve  impulses  from  the  endings  in 
the  skiu,  sensitive  to  cold,  are  also  in  relation  with  the  centre.  Ko  doubt,  under 
normal  conditions,  the  centre  would  be  still  more  sensitive  than  in  Barbour^s 
experiments  and  would  react  to  much  smaller  temperature  changes  in  the  blood. 
Bwbour  and  Prince  (IDl  t)  have  shown  that  local  heating  of  the  centre  causes 
diminution  in  the  evolution  of  carbon  dioxide,  in  the  intake  of  oxygen  and  in 
the  ro^piratorj'  volume.    Cooling  the  centre  has  opposite  effects.    The  production 
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of  heat  is  thus  shown  to  be  acted  upon,  as  well  as  the  lom  of  heat.  Barbour 
and  Wing  (1913)  h^te  found  that  eertaan  drags  known  to  produGe  £iU  or 
rise  ol  hoay  tempemtuve^  sueh  as  antipyrin,  or  jS-tetra-hydro-naphthykanine, 
respectively,  act^  when  apfdied  to  the  oentnre  itself,  in  much  smaller  amount  than 
when  given  intravenrniplv,  Antipyrin  oauaes  fall  of  temperature  with  increased 
respiration  aiul,  occasionally,  vascular  dilation  in  the  ear  of  the  rabbit  ;  quinine 
behaves  sinularly,  with  more  marked  vascular  dilation.  /j  tetra-hydro- 
naphihylamuifl^  on  the  other  hand,  causes  rise  ol  tempemture,  some  shiTering, 
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FXO.  140.  ChaM.KS  of  body  TEMrKRATURE  PK  I  r  ED  BY  WARMING  AND 
COOLIKO  TH£  HEAT  CBNTEE  IK  ZUX  BXOIOH  OF  TOX  OOaPDS  STaiATUM  Of 
THE  RABBIT. 


tor  wMndng  Mid  oooUoff 


A.  FromoM  bonr  after  inwrtton, «t tlie MWir,  of  tiM  tnbti 
tlM  ocBtra  to  flw  1ioora>  kIm  of  tnoprntiii 

'  During  the  ]HTirKl  marked  by  the  thin  line  above  tho 
tube.  The  U!ni|>emure  o(  the  body/alZ«. 
nnrfBS  tiMiMrtod  BMrtod  bgr  the  tblek  line  below  cwv«— MMmtan 
A  MOOBd  pMwge  ot  mm  mlcr  produoM  a/dUL 

During  the  nij^bt  (dotted  Une)  the  fefor  doe  to  the  punetnre  of  the  oentn  rvtarned,  bat  m» 
reduced  by  warning  the  oentN  af^n. 

A  The  fever  produced  tar  the  panctare  grradualljr  eiibridce  end  bed  diaeppiaiied  nttfc  dear.  li 
WM  bronriit  bedk  bjr  cooling  the  centre  (thkfc  Jliie>  An  iBtannMDafee  dMTt  period  (Ihbi 
ItneehovQdMveeniiklcSeetof  ennnliv*  _  . 

(After  Bsrbonr.) 


great  vascular  constriction  in  the  skin  and  restlessness,  the  eflfects  on  the  hest 

centre  being  probably  mixed  with  those  on  other  centres. 

Ecofution  of  Temperature  Regulation. — Af'<"orfling  to  the  experiments  of 
Vernon  (1897),  the  eurbon  dioxide  output  of  cold-blooded  animals  dtx^s  imt 
increase  and  decrease  uniformly  with  increase  and  decrease  of  external  tempcratuiu 
There  appears  to  be  a  region  ol  temperature  in  which  the  output  is  nearly 
constant.  Thus,  on  warming  newts  or  earthworms  from  10°  to  22°  5,  there  is  no 
increase  in  carbon  dioxide  output.  This  indicates  some  kind  of  control  over  heat 
production,  probably  in  muscle,  on  the  part  of  nerve  centres  more  or  lew  sensitive 
to  change  of  temperature.    A  further  stage  of  regulation  is  shown  by  the 
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Monotremes,  as  investigated  by  C.  J.  ^fartiii  (1901).  Echidna  is  the  lowest 
rnenjlxT  of  the  scale  of  warm-blooded  aiiiiunls.  Tf  the  external  temperature 
chaxiges  from  5^  to  35°,  its  temperature  rises  by  W.  In  cold  weather,  it 
hibematos  and  ito  temperature  is  only  lialf  a  degree  above  that  of  its  sur^ 
roundings.  What  regulatioa  it  possesses  appears  to  be  by  change  d  produetkn 
of  heat.  It  possesses  no  sweat  glands. and  exhibits  no  power  of  wying  kMSol 
heat  by  cutaneous  vasomot'^»r  eflects,  nor  doe«  it  increase  its  respiratory 
movementa  at  high  temperatures.  The  normal  temperature  of  both  Echidna 
and  of  Omithorhytichu*  is  29"  8.  In  the  latter,  the  t<jmperatuie  is  mamtaiiiod 
fairly  constaat>  although  low.  It  can  modify  both  heat  loss  and  heat  production, 
but  does  not  increase  its  respirations  at  high  temperatures.  Marsupials  show  a 
transition  to  higher  mammals.  Tariation  in  production  of  heat  is  the  ancestral 
laethcKl  of  adjustment;  by  this  means  an  animal  combats  fall  of  temperature. 
Later,  a  mechanism  controlling  loss  of  heat  is  developed,  and  thus  rise  of  external 
tempemtore  is  compensated  as  well  as  the  heat  prodooed  by  the  aniaaal's  own 
activity. 

For  further  details,  with  regard  to  production  and  legnlation  of  temperature^ 
the  article  by  Tigerstedt  (1910)  may  be  consulted. 

BHTTHMIC  OONTBACTION 

Many  organs  consisting  of  smooUi  muscle,  and  some  with  cross-striated 

muscle,  such  as  the  heart,  exhibit,  even  when  isolated  from  the  influence  of  nerve 
centra,  a  continued  series  of  periodic  contractions  and  relaxations.  From  tho 
facts  detailed  in  the  preceding  pages,  it  is  easy  to  see  how  a  continuous  stimulation 
might  give  rise  to  rhythmic  contraetionSi  owing  to  the  lebactory  period. 

ThoB  the  vontriele  of  the  frogfs  hsait  osn  be  excited  to  rhythnie  ooDtnwtioD  by  a  ooostsot 

current  f  mm  a  battery  or  by  increase  of  intraventricular  pressure.  It  maybe  Buppoeed  that 
the  first  applioation  of  the  stimulus  seta  off  a  beat,  but,  for  a  time,  the  muscle  is  then  mexoitable 
•nd,  although  the  stimulus  oontinnes,  it  is  ineflbotive.  After  the  rehuctory  period  is  past^  tbe 
stimulus  a^in  becomes  effective  and  cTcit€«  a  new  beat  and  so  on.  It  seems  that  the  return 
esGitabuity  has  tbe  same  effect  as  a  first  closure  of  the  ourrenti  Apparently,  then,  a 
Mostaat  sliaolns  is  oapalde  of  aeooanliqg  for  rhythnie  bsata. 

Another  possibility  to  be  taken  into  account  is  the  using  up  of  a  store  of  excit' 
able  material,  which  has  to  be  replaced  and,  when  accumulated  to  a  certain  degree^ 
discharges  spontaneously.  But  certain  objections  may  be  made  to  this  view. 

The  manner  in  which  rhythmical  eftefct  Bosy  arise  by  means  of  a  Dsrva  network  may  be 
read  in  the  esaay  by  von  Ueickttll  (1904). 

Tht  foodaction  of  rh  vthmic  niovements  by  disdbargss  from  the  norvous  system  to  ikeletsl 
musolss  will  be  disonsssa  in  Chaptsr  X VJ« 

MOVEMENTS  OF  PLANTS 

We  have  seen  already  how  changes  of  permeability  give  rise  to  rapid  move- 
ments in  plants  by  allowing  escape  of  liquid  from  turjtnd  cells. 

The  majority  of  the  usual  movements  of  plants  in  response  to  light,  gravity, 
etc.,  although  initiated  by  ciianges  of  permeability,  are  fixed  in  their  results  by 
different  rates  of  growth  on  the  opposite  sides  of  the  moving  parts.  It  is  stated 
that  movements  due  to  growth,  such  as  those  of  tendrils,  are  considerably  more 
rapid  than  might  be  supposed,  being  detectable  in  a  minute  >r  t  vo.  The  first 
stage  of  many  movements  is  an  osmotic  one,  as  remarked,  (iue  to  changes  of 
permeability  and,  hence,  of  turgor.  In  such  a  stage,  if  placed  in  strong  saline 
tiulutions,  which  abolibh  the  turgor  on  both  sideu,  the  curvature  is  done  away 
with.   At  a  later  stase,  the  curvature  is  permaaent  and  due  to  growth. 

Thdre  is  a  point  ol  resemblance  between  the  mechanism  of  plant  and  animal 
movements,  otherwise  apparently  so  different,  to  which  nttentinn  may  1>-  called. 
The  immediate  source  of  the  energy  of  the  muvcmt^nt  is,  in  both  cases.  ??urfacc  and 
osmotic  energy,  although,  of  course,  the  ultimate  one  in  the  green  plant  is  the 
sun's  radiation  and,  in  the  animal,  oxidation  of  material  derived  from  plant  life^ 
In  the  last  resort,  the  animal's  energy  is  also  derived  from  the  sun. 
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Details  of  the  movement^^  of  plants  and  the  iDteresting  facto  in  oonneeti^Jii 
therewith  will  be  found  in  Pringstieiin's  book  (1912). 

THE  QKAPUIC  METHOD 

In  the  methods  of  analysing  the  fornis  of  musenlar  contraefcion,  we  bavie^  for 

the  first  time  in  the  present  book,  come  across  a  systematic  use  of  the  graphic 
method,  so  that  a  few  words  on  the  subject  may  not  be  out  of  place  br-re 

Any  representation  of  the  relation  of  two  plienomeaa  to  one  auother  by 
drawing  a  curre  on  squared  paper  is,  of  course,  a  "graph."  But  the  name 
graphic  method"  in  physiology  ia  eBgeciaUy  need  to  refer  to  cases  where  the 
curve  is  drawn  by  the  apparatus  used  to  obsnre  the  phenomenon.  The  abacissse 
are  nearly  iUvnys  time,  the  curve  K^inir  made  on  a  movin"^  surface. 

This  sui  taci'  may  be  of  glazed  juipt  i  i)r  of  glass,  in  either  case  smoked  by  a  flat 
flame,  bupplied  with  gas  which  ha«  passed  over  cotton  wool  wet  with  benzene.  In 
this  way,  suflficient  smoke  can  be  deposited  without  burning  the  paper,  if  this  is 
moved  rapidly  through  tiie  flamtf  by  rotating  the  drum  or  o£er  surfsoe  on  which 
the  paper  is  fixed. 

Although  the  present  book  is  not  priiiiiirily  intt'iidtKl  as  n  liihoratf>ry  guirle,  it  may  be  useful 
to  mention  tliat,  when  the  force  moving  the  point  whioli  scratohes  away  ilie  smukc  is  verj' 
■mall,  Sttoh  as  that  of  the  fn^8  auriole,  it  will  be  found  very  important  ti)  have  as  little 
friction  n<?  possible  h«  tween  tho  paper  and  the  point.  In  siu  n  cases,  tlie  fmni  of  tww^ing 
point  duviscd  by  myself  (1912,  1)  will  be  found  useful.  Bose  (i'Jl^j  IiJia  worked  out  a  dolicatv 
method  for  tracing  the  movements  of  such  structures  aa  those  of  the  leaves  of  sensitive  plants, 
which  have  very  little  force.  The  friction  of  the  tracing  point  on  the  recording  surf.ice  i-< 
practically  abolished,  bj  causing  it  to  move  periodically  in  a  plane  perpendicular  to  the 
surface,  so  that  contact  takes  plaoe  only  momentarily.  This  vibration  M  effiscted  by  aa 
eleotro-magnetio  ammgemeott  ^ 

The  nature  of  the  Tarnish  nsed  for  fixing  tiie  edrtes  is  not  a  matter  of  faodiffiBrenoe. 
Ten  per  eent.  sliell.u-  in  00  per  cent,  alcohol,  or  ordinary  white  hard  vnrnish,  dilated  w  itVi 
au  ei^ual  volume  of  alcohol,  serves  well,  but^  in  either  case,  it  is  better  to  add  a  few  cubic 
eentimetres  of  osstor  oil  to  the  litre  to  prevent  brittlsness  when  dry.  Tbs  trsolBg  sluMitd 
b«  <|tute  dry  when  tlie  varnish  is  Rpplirfl.  by  drawing  the  paper  through  it,  and  it  shonld 
be  sdlowed  to  harden  iu  a  dry  atmotiphere.'  Further  infoimation  is  to  be  found  in  the 
article  by  Frank  (1911). 

Photographic  methods  have  many  advantages.  A  beam  of  bright  light  is 
reflected  from  a  mirror  attached  to  the  moving  part  of  the  apparatus ;  any  inerti* 
can  thus  be  avoided.  Hie  beam  is  passed  through  a  slit  and  forms  a  point  of  light 
on  a  moving  sensitive  surface,  paper  or  plate,  behind  tho  slit.  Sometime?^  the 
shadow  of  a  small  moving  part  is  [Uojected  on  to  the  slit  by  means  of  a 
microscope,  as  iu  tiie  btx  lug  "  galvanometer.  Details  of  tlie  various  methods  will 
be  found  in  the  article  by  Garten  (1911). 

An  exoellent  form  of  photographic  registration  apparatus  for  paper  or  plates  is  that  made 
by  the  Cuiihridge  Scientific  Instrunient  Company  for  UM  with  tne  "string"  galvanometer, 
but  is  available  tor  any  form  of  photographic  method. 

SUMMAUY 

Tn  the  animal,  there  are  certain  tissues,  known  as  niuf«cnlar,  which  have  the 
function  of  causing  movement  of  parts  relative  to  one  another  or,  if  the  ends  are 
so  fixed  that  no  change  of  place  can  occur,  a  state  of  tension  is  developed. 

There  are  two  chief  classes  of  contractile  tisaue — the  cro&^i-striated,  tskeWtal, 
which  is  dependent  on  impulses  from  the  central  nervous  system  to  set  it  into 
activity,  and  the  smooth,  or  involuntary,  muscle  also  under  the  control  of  the 

central  nervous  system,  but  capable  of  exerting  an  automatic,  tonic  contraction 
»ir  ft  rhythmic  series  of  contractions*  The  latter  class  of  muscular  tissues,  a U hough 
subject  to  reflexes,  are  not  under  voluntary  control.  The  muscular  coat  of  th© 
arterioles  and  the  heart  are  examples  of  this  class. 

The  rate  of  contraction  of  smooth  muscle  is  slower  than  that  of  skeletal 
muscle ;  but  numerous  varieties  occur  in  both,  so  that  the  extreme  cases  do  not 
greatly  differ 
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The  intimat^  structure  of  muscle  fibre  is  very  difficult  to  investigate.  The 
dark  bands  seen  in  cross-striated  muscle  are  doubly  rrfracting.  In  the  state  of 
contta<  ti<tn,  the  dark  ami  liulit  bands  appear  to  change  places  ;  but  the  position  of 
liie  doubly  refracting  pnrt  doeii  not  change,  so  that  it  ib  the  light  bund  which  is 
doubly  reiractixig  in  this  state.  According  to  Engehnann,  in  contraction  the 
doubly  refracting  fmrt  increases  in  volume  at  the  expense  of  fluid  derived  from 
the  singly  refracting  part.  The  property  of  double  refraction  is,  according  to 
Enu'elmann,  associated  vdtb  the  power  of  contractility  as  a  general  rule  in  the 
animal  kingdom. 

Tlie  production  of  tension  is  the  essential  point  in  the  mechanics  of  nmscular 
contraction.  The  muscle  changers  its  prop)crties  from  those  of  an  unsireiriied  steel 
spring  to  those  of  a  stretched  one,  without  necessarily  clianf^inir  its  length. 

Various  nnxles  of  contraction  may  be  obtained  £ix>m  muscle,  accordincr  to 
whether  it  is  allowed  to  shorten  or  not,  or  the  phase  of  the  contraction  at  which 
the  muscle  is  allowed  to  shorten,  or  at  which  the  load  is  applied  or  removed. 

An  isolated  muscle  can  be  made  10  do  external  work  by  raising  a  weight, 
vhicfa  is  prevented  fipoan  foiling  again.  This  is  done  by  a  mechanism  known  as 
the  "work  collector/'  The  work  done  by  an  animal  is  measured  by  some  form  of 
*'efgoiiieter/' 

A  stimulus  appHed  before  the  eflfect  of  a  previous  one  has  disappeared  produces 
a  contraction  which  is  itself  Ie&»  than  the  previous  one^  but  takes  its  origin  from 
a  shorter  state  of  the  nni^cle.  Since  t!ie  effec  t  of  each  is  less  than  that  of  its 
predecessor,  a  stage  is  rea<  li»  d  beyond  which  no  further  shortening  takes  pla»^ 
If  the  stimuli  succeed  uue  another  at  a  rate  such  that  the  muscle  has  not  com- 
m^ioed  to  rebut  before  the  nmt  stimulus  arrives,  we  have  a  amooth  continuous 
carve.  The  phenomenon  described  is  known  as  the  "  summation  of  contractions,'' 
producing  "tetanus."  #  * 

This  tetanus  is  also  the  condition  of  skeletal  muscle  when  excited  by  impulses 

from  the  cell^  in  thr  nfM  ve  centres.  The  rate  at  which  these  impulses  are  sent  out 
is,  in  man,  from  torty-seven  to  fifty-eight  per  second.  In  the  tortoise,  ilu-  r.ite  is 
a  linear  function  of  temperature  between  4*  and  40%  like  that  of  the  mammalian 
hsart  between  37*  and  40*. 

A  resting  excitable  muscle  is  a  physico-chemical  system  possessing  potential 
eaergy.  When  stimulated,  this  potential  energy  is  cfrnverted  into  energy  of 
tension,  which  can  then  be  used  for  the  perfbnnanoe  of  work,  or  allowed  to 
become  d^raded  into  heat. 

This  contractile  process  itself  is  associated  with  the  splitting  off  of  lactic  acid, 
but  there  is  neither  consumption  of  oxygen  nor  evolution  ol  carbon  dioxide.   It  ie 

not  an  Oxidation  process. 

To  restore  the  potential  energy  which  the  system  has  lost  in  contracting, 
eaergy  is  supplied  by  another  reaction  of  a  chemical  nature,  which  succeeds  the 
eontraetOe  stage. 

The  lactic  add  'separated  in  the  first  process  is  oxidised  to  afiurd  energy  for 
tlv  t'f  ond,  recovery,  process.   There  is  consumption  of  much  oxygen  and  evolution 

u£  carbon  dioxide  in  this  latter  phase. 

The  energy  developed  in  contraction,  as  measured  by  the  heat  intd  which  it  is 
converted,  is  directly  pi*oportionai  to  the  tension  produced.  It  is  proportional  to 
the  of  the  fibres  at  the  time  the  contractile  process  takes  place  and  not  to 
their  xAwbm,  It  is,  therefore,  a  surface  phenomenon.  Osmotic  energy  may, 
nevertheless,  intervene  as  a  further  step,  being  controlled  by  the  products  of  the 
change  in  surface  energy. 

The  fact  tliat  the  reaction  by  which  the  energy  of  the  contractile  system  is 
reJ4tore<l  is  one  having,  uppar«  atiy,  no  chemical  component  in  common  with  the 
contractile  system  itself,  indicates  that  this  latter  ia  not  a  chemical  system,  but 
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ooe  of  a  more  pliysical  ruiture.  Tlie  nature  of  its  energy  as  that  of  'surfaces  is  also 
confirmed  by  the  tact  that  it  has  a  negatir"  temperature  coetticient,  while  all 
other  possible  forms  of  energy  involved  in  muscular  contraction  have  a  positive  one. 

The  muscular  system  is  analogous  to  that  of  a  gas  erigme  used  to  compress  air 
into  a  reiiervoir,  from  which  it  in  taken  to  drive,  by  ita  pressure,  various  machines 
And  toolfl.  The  energy  of  the  oxidation  of  the  fuel  Ib  not  need  from  the  engine 
directly. 

There  is  reason  to  heliere  that  it  is  the  lactic  acid  or  its  hydrogen  ions  that 
ia  responsible  for  the  changes  in  surfsoe  energy. 

The  food -consumed  in  muscular  contraction  sfqpears  to  be,  normally,  carbo* 
hydrate;  but  th^ro  is  evidence  that  fat  may  be  used.    Nitrogenous oompoands 

do  not  a^t  as  fiM  Ml  liirectly. 

The  "efficiency"  of  the  first,  contractile,  phase  is  practically  100  per  cent, 
that  is,  the  whole  of  the  tension  developed  can  be  used  for  work.  That  of  the 
whole  prociBSS  only  amounts  to  about  50  per  cent,  since  part  of  the  chemical 
eneigy  of  the  oxidation  process  of  the  restocation  period  is  lost  as  heat. 

The  efficiency  of  the  act  of  maintaining  tension,  ss  fay  holding  up  a  weight, 
u  much  less.  This  fact  renders  the  calculation  of  the  efficiencj  of  the 
whole  animal  or  of  an  isolated  organ,  such  as  the  hearty  a  matter  of  difficulty. 

^e  heart  muscle  shows  particularly  well  certain  characteristics  whtcfa  are 
known  to  apply  to  all  muscle,  and  others  which  probably  apply.  These  phenomena 
are:  all  or  nothing  "  iu  i-espect  of  strength  of  stimulus;  "staircase,"  by  which, 
after  a  rest,  successive  contractions  increase  in  height  for  a  time,  and  probably 
due  to  increase  of  hydrogen  ions  to  the  optimum  point;  ''refractory  period," 
as  already  described  for  nerve  ;  in  certain  conditionsi  summation  of  contrsetion ; 
and  great  sensibility  to  certain  ions,  eqiecially  those  of  hydrogen. 

There  is  no  transmission  from  fibre  to  fibre  in  skeletal  mttsde.  .  It  does,  however, 
take  place  in  smooth  muscle.    It  is  not  certain  whether,  in  all  oasesi,  the  spread 

of  excitation  in  all  directions  is  conveyed  by  an  intramuscular  nerve  network, 
although  it  appears  to  be  done  by  that  of  the  Medusa. 

Tn  warm-bloode<l  aninml-^,  heat  produced  in  muscular  contraction  is  utilised 
for  the  purpose  of  kee])iiiL:  up  the  temperature.  The  pro<hiction  of  he<it  is 
measured  experimentally  by  specially  constructed  calorimeters,  winch  also  allow 
the  respiratory  metabolism  to  be  determined  simultsaeonsly. 

In  adult  animals  at  rest  the  production  of  heat  is  proportional  to  the  extemsl 
snr&ce^  that  is,  to  the  loss,  la  work,  since  the  museks  are  producing  heat  in 
excess,  it  approximates  more  to  proportionality  to  wei^t 

The  temperstore  is  regulated  either  by  change -of  jf^roduction,  that  is,  by 
greater  sctivity  or  rest,  or  by  change  of  loss,  as  by  cutaneoos  vascular  dianges 
and  fay  evaporation  of  water  In  sweat  and  expired  air. 

The  coordinating  centre  of  these  factors  of  regulation  is  in  the  corpus  striatum, 

and  is  80  arranged  that  it  is  sensitive  to  changes  of  temperature  in  the  blood. 
When  warmed,  this  centre  responds  by  causing  muscular  relaxation  and  dilatation 
of  skin  vessels,  thus  producing  a  fall  in  body  temperature  Tonversely,  when 
cooled,  it  causes  a  rise  in  body  temperature  by  exciting  muscles  to  shivering 
and  by  vascular  constriction  in  the  skin.  It  is  probably  ako  sensitive  to  aiierent 
impulses  from  heat  and  cold  receptors  in  the  skin. 

A  certain  degree  of  control  of  heat  production  appears  to  be  the  earliest  form 
of  regulation,  and  is  pi'esent  in  a  rudimentary  form  even  in  ooldofalooded  ^"^malt, 
As  far  up  as  Echidna,  there  is  no  other  mechanism. 

The  possible  modes  of  origin  of  rhythmical  contraction  are  discussed  in 
the  text. 

In  plants,  movements  are  produced  by  changes  of  turgor,  due  to  changes  of 
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kbUity,  on  excitation  by  rarious  means.    These  changes  of  £(Mnn  ate^  in 
many  cases,  afterwards  fixed  by  differences  in  rate  of  growth. 

A  short  account  is  given  in  the  text  of  the  graphic  method,  as  used  In 
physiological  work,  together  witl^  some  practical  details. 
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CHAriKK  XV 

« 

NERVOUS  SYSTEMS^  PERIPHERAL  AND  CENTRAL 

The  necessity  of  means  of  bringing  into  relation  with  each  other  the  different 

parts  of  an  organism,  as  it  grows  in  size  and  complexity,  has  been  already  allinled 
to  (pa;j;e  37s).  Moreover,  the  same  muscles  may  require  to  Ix?  put  into  action, 
say  for  ilight,  when  uu  uuimal  either  sees  an  enemy  or  in  touched  by  one,  or  for 
the  obtaining  of  food.  If  there  were  nerve  channeU  direetly  oooQectlng  every 
sense  organ  with  every  muscular  group,  the  maltiplici^  of  communiGations  would 

TTio.t  -vasteful,  brides  inefficient  for  its  purpose.  The  comparison  of  tho 
central  nervous  system  to  a  telephone  exchange  is  often  made,  and  is  <juite 
appropriate.  Any  subscriber  can  be  put  into  communication  with  auy  other. 
Simikrly,  in  the  animal,  impnlaet  arriving  from  a  pftrtienlar  aonroe  may  be» 
according  to  circumstances,  connected  up,  aa  it  were,  to  different  mnacitlar 
mechanisms.  It  will  be  seen  that,  since  the  arrangements  of  a  telephone  exchange 
are  mainly  h  matter  of  >viring,  so,  in  gi*eat  part,  the  study  of  nerve  centres  consist* 
of  the  anatomy  of  tracts  of  nerve  fibres;  a  study  which  tells  us  of  the  possible 
ways  of  communication  between  the  centres  •  controlling  various  parts,  lliis 
aspect  of  the  subject  can  best  be  atudted  in  textbooka  devoted  to  it,  and  will  only 
be  treated  incidentally  in  this  book.  An  acoounl^  In  some  detail,  will  be  foond 
in  Starling's  book  (1020,  pp.  3ir.-43-2). 

There  is  another  aspect,  which  is  of  a  more  general  nature,  and  consists  in 
the  investigation  of  the  means  by  which  the  functional  use  of  the  paths  provided 
is  arranged  for. 

The  ooKHtitnatioii  ol  the  activities  of  various  parts  of  the  organism,  or 

integration,  as  the  emmtial  function  of  the  central  nervous  system,  is  especially 
insisted  on  by  Sherrington  (1906).  When  we  consitler  that  in  the  organism, 
just  as  in  the  community,  progress  dependii  on  the  most  effective  working  togetlier 
of  the  component  units  for  tiie  common  "good,  we  see  how,  aa  Qaakdl  has  shown 
(1908),  the  nervous  system  has  been  the  dominant  factor  in  evolution.'  O^Uier 
systems  have  been  modified  and  changed  in  function  in  order  to  give  opportunitv 
for  the  growth  of  this  pre-eminently  important  one.  As  Gaskell  puts  it  (p.  1 U), 
The  law  of  progress  is  this — The  race  is  not  to  the  swift,  nor  to  the  strong,  but 
to  the  wiae."  • 

OBIGIN  OF  THE  NERVOUS  SYSTEM 

Different  views  have  been  put  forward  with  regard  to  the  way  in  which  nerv^e 
centres  first  made  their  appearance.  A  brief  account  will  be  found  in  the  paper 
by  G*  H.  Parker  (1911).  The  most  satisfactory  hypothesis  seems  to  be  tlutt  of 
this  invest it;a tor,  who  finds  that  sponges,  'iltbough  no  nervous  structures  are  to  be 
found  in  them,  and  although  they  exhibit  none  of  the  characteristic  rapid  reactions 
of  animals  with  even  the  most  primitive  nervous  ayutem,  do  nevertheless  show 
contractOe  response  to  stimuli  .The  opening  and  closing  of  osoula  takes  plaoe  in 
response  to  movements  of  the  sea  water  and  is  brought  about  by  contractile  tissue, 
similar  in  its  appearance  and  ^^lowness  of  response  to  smooth  muscle  in  the  higher 
animals  (see  Parker's  paper,  1910). 

Muscular  tissue  makes  its  appearance,  then,  before  nervous  tissue.  Even  if  we 
regard  the  sponges  as  arising  from  protozoa  by  a  branch  which  is  separate  from 
that  taken  by  the  OoelenteFates,  it  must  be  admitted  that  their  organisation  is  a 
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more  primitiye  one  than  that  of  the  latter. and  nearer  to  the  ancestral  forma. 

Parker's  theory  regards  the  muscle  cell,  or  "  effector,"  as  developed  from  amoeboid 
epithelium  and  as  being  irra^lnally  displaced  to  form  a  layer  underneath  the 
exteraai  epithelium.  **  Next  111  stxiuence  would  appear  the  receptor  or  sense  organ 
which,  derived  from  the  cells  in  the  neighbourhood  of  a  developed  effector  (see 
Fig.  141),  would  serve  as  a  more  efficient  means  (D)  of  calling  this  organ  into  action 
than  direct  stimvlation.  This  stage  is  represented  by  many  Ckelenterates ;  and 
their  quick  resp'^msp'^,  as  compared  with  those  of  sponges,  are  dependent,  T  believe, 
upm  this  advance  in  organisation.  Finally,  in  forms  somewhat  more  advanced 
than  the  Ccelenterat^,  central  nervous  organs  or  adjusters  would  begin  to 
diflerentiate  in  the  rsgion  between  the  receptors  and  e&ctors ;  and  these  would 
develop  in  the  higher  animals  irst,  as  organs  of  transmission  whereby  the  m^le 
mascnhtare  of  a  gtven  fonn  could  be  brought  into  oo-onUnated  action  from  a 
<:in:rle  p(»int  on  it"^  surface  and,  secondly,  a'j  tlie  storehouse  for  the  nervous 
fxperience  of  tIh-  individual  and  tiie  seat  of  those  remarkable  activities  that  we 
rea)gnise  in  the  conscious  Htates  of  the  higher  animals.  Thus  nerve  and  luuscle 
did  not  develop  independently,  as  claimed  by  daus  and  Chun,  or  simultaneously,  as 
msintained  by  Kleinoibeig  and  the  Hertwigs,  but  muscle  appeared  first  as  inde> 
pendent  effectors  and  nen'e  developed  secondarily  in  conjunction  with  ^uch  muscles, 
first  as  a  means  of  quickly  setting  them  in  action  and,  secondly,  as  a  seat  of 
intelligence"  (Parker,  1911,  pp.  224-225).  The  same  author  further  points  out 
{1909,  p.  58)  that  a  receptor  or  sense  organ  alciie  would  be  of  no  service  to  an 
.  organism,  nmthor  would  nerves  nor  nerve  centres  alonei,  whereas  a  muscle  cell,  or 
ed^ctor,  is  of  use^  if  it  can  be  stimulated  dinetly*  It  is  lihus  not  improbable  that 
there  should  be  primitire  multicellular  animals  possessing  effectors  only  fnid  neither 
cells  sufficiently  differentiated  to  he  called  receptors  nor  other  nervous  mechanisms. 

The  next  step  in  evolution  after  that  of  the  sponges  is  the  receptor-effector 
•jntem,  as  seen  in  its  simplest  form  in  the  na  aM$mone$t  &i^d,  with  more  eomplicsr 
tion,  in  the  jelly-fish.  The  outer  surface  of  a  sea  anemone  is  found  to  be  diversely 
sensitive  for  different  kinds  of  stimuli  and,  moreover,  the  response  to  stimulation 
of  a  tentacle  mav  be  a  movement  in  a  distant  part  of  the  organism,  without  any 
movement  of  intermediate  regions,  so  tliat  something  in  the  nature  of  nervous 
transmission  is  present.  On  histological  examination,  the  skin  of  these  animals 
is  found  to  consist  of  three  \a,yen»  An  outer  one  contains  epithdinm  cells 
inodified  to  serve  as  sense  receptors,  having  bristles  on  the  outer  ends.  Their 
mner  end:^  an'  prolonged  into  finely  branched  processes,  rlem  ly  of  nervous  natui-e, 
which  intermingle  with  those  of  other  cells  to  form  the  second,  nervous,  layer. 
This  layer  also  contains  cells  with  branched  processes,  which  intermingle  with  the 
rest^  in  lact,  ganglion  cells.  It  appears  that  this  layer  constitutes  a  true  nervous 
netwcnrk,  continuous  over  the  whole  body,  and  that  no  centralisation  of  the 
ndjuster  mechanism  has  yet  taken  place.  The  third  layer  consists  of  muscle  cells 
in  contact  with  the  nerve  network.  Experiments  of  various  kinds  show  that  the 
reactions  of  one  part  of  the  body  do  not  serve  as  experience  for  another,  that  is, 
it  shows  no  evidenoe  of  what  we  should  call  a  c^teal  nervous  system  (von 
TTexknll,  1909,  p.  73).  Its  neunvmuseular  system  consists  of  receptors  and 
effectors,  united  by  a  nerve  network,  which  is  composed  of  the  processes  of 
receptor  cells  and  of  ganglion  ro]]<i  coTit^iined  in  the  network. 

The  jelly-fish,  owing  to  their  i(X'omotioa,  lead  a  life  subject  to  greater  variety 
of  experiences,  and  we  iixid  specialised  forms  of  re<^ptor  organs,  which  are  much 
more  sensitive  than  those  of  the  sea  anemone.  The  muscukr  band  is  under  the 
control  of  a  nerve  network,  which  receives  numerous  fibres  from  the  receptor 
^r;^ans.  This  network  conveys  the  excitatory  process  from  one  part,  to  another, 
since  contniction  can  pass  from  one  group  of  muscle  fibres  to  another  over  a  gap 
cotitamiug  network  out  no  muscle  fibres.  It  also  conveys  excitation  in  all 
dimctiotis ;  if  all  the  sense  organs  but  one  are  removed,  the  rhythmic  impulses  to 
^vimmtng  movements  are  started  by  tliis  one  and  radiate  from  it  in  all  directions. 

Proceeding  upwards,  we  find  in  the  earthworm  a  centralised  nervous  system,  a 
Hia^ram  of  which,  taken  from  the  description  and  figures  of  TU-t/iiis  (1892),  is 
given  in  Fig.  142%   In  this  animal  we  have  a  cerebral  ganglion,  or  brain,  in  the 
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anterior  end,  and  a  sQgineDted  Mnre  ooid  paanng  along  the  ventml  middle  lino 

and  ext^Tvlin'^  to  the  posterior  end.  The  intf^t^ument  contains  many  sense  cells, 
each  giNin«(  i  i-^*^  to  a  single  nerve  fibre,  which  enters  a  ganglion  of  the  ventral 
nerve  chain  and  divides  therein  into  numerous  branches,  forming  the  so-called 
nenropUe.  Whether  this  nenropile  ie  sictQally  a  network,  thftt  u,  vhetber  thefe 
is  actual  physical  comtiiiiiity  between  the  brancfaee  of  diflbrent  eella,  is  difficult  to 
make  out.  But  it  seems  that  we  have  here  a  definite  system  ol  "neuraneSh" 
which  play  so  large  a  part  in  the  higher  nervous  svstenis. 

The  name  "new?wi«  was  given  by  Waldeyer  (1891,  p.  1352)  to  the 
elementary  unit  of  which  the  higher  nervous  systems  are  built.  A  motor  neurone 
Qonqitts  of  a  cell  bcdy,  with  •  nudens,  a  nerye  fihro  conveying  excitation  firom 
the  cell  lx>dy  outwardB)  and  which  may  be  long  or  short,  together  with  a  number 
of  brancluxl  processes  or  "dendrites,"  receiving  impulses  from  outside  the  cell. 
The  nerve  fibre  process  usually  ends  in  a  branched  form  either  on  the  cell  of  an 
effector  organ  of  some  kind,  muscle,  gland  cell,  etc.,  or  on  another  neurone.  In 
the  sensory  neurone,  the  long  fihre  usually  receives  the  impression  from  the 
exterior  and  conveys  it  to  other  neurones  by  the  dendrites.  The  peculiarity  of 
a  neurone^  as  compared  with  other  oeU8»  is  the  pooseesion,  in  the  larger  animals,  of 

j^reat  len<j^th  ;  it 
may  have  its  cell 
body  with  nucleus 
in  the  brain  at  the 
anterior  end  of  an 
animal  of  several 
feet  in  len<?th. 
while  the  termma- 
tion  of  its  out- 
going prooeae,  the 
axia  eyUndmr  pro- 
cess or  axon,  may 
be  on  a  nerve  cell 
at  the  distant  end 
of  the  spinal  cord. 
"Neurone"  should 
have  the  final  e, 
making  the  o  long 
and  suggesting 
that  it  is  made  up 
of  parte.  The 
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Fko.  141.   DuoaAM  to  illustrate  the  early  sta<;es  in  thx 
DimERKyTUTioy  or  ths  Ksvao-MPScuLAa  msohamism. 

A,  Epithelial  Htajje. 

B,  DiflereiitiAt«d  iuu»<e]e  cell  at  »ta^c  of  sponge. 

r.  Partially  differentiate^  nen  e  cell  in  proximity  to  OMldlljrdifleraitiiledllUIMtoMlL 
B,  Xcnreuid  nuMde  oell  of  C'^i»nt(>nit«'  st^^. 

(See  text,  page  465. ) 

(Parker,  1911,  p.  222.) 


m^m^wm^  ot  thesG  psrts  have  a  short  a  *<  Oentron  "  is  the  body  of  the  cell ;  *'  bxm^ 
the  norv*^  fibre ;  "  dendron,"  any  other  procMs';  and  **dendrita%"  the  fine  bran^es 
of  the  dendron  (Bayliss,  1916,  2). 

In  the  earthworm,  then,  we  have  a  primary  sensory  neurone,  with  its  cell  body 
in  the  skin,  and  its  nerve  process  ending  in  ramifloationa  in  the  nenrmile  of  the 
segmental  ganglia.  In  these  ganglia,  we  find  also  large  nerve  ceUs,  whose  thick 
axons  pass  out  as  inotor  fibrc?i  to  the  muscles  of  tin'  body  wall.  These  motor 
neurones  also  are  po.'^aessed  of  dendnievS,  which  contribute  to  the  formation  of  the 
neuropile  and  form  connections,  either  of  direct  continmty  or  merely  of  contact, 
with  the  endings  of  the  ssnsory  neurones.  This  is  the  simplest  poerible  r^fiex  arc, 
maaory  impressions  giving  rise  to  a  motor  response. 

In  the  central  nervous  system  of  the  earthworm,  we  find  also  oBtociatwi 
neuronal* ;  these  have  processes  serving  to  connect  neurones  within  one  ganglion,  or 
from  one  ganglion  to  another,  but  rarely  extend  over  more  than  two  s^;ments. 
These  neurones  do  not  pass  out  of  the  central  nervous  syst^em,  and  it  may  be  noted 
here  that  the  complexity  of  this  system,  with  rise  in  tiie  scale  of  evdutloD,  depends 
on  the  number  and  length  of  these  association  neurones ;  so  that  we  reach  finally 
the  cerebral  cortex  of  the  higher  apes  and  man,  which  consists  entirely  of  this 
kind  of  neurones,  having  no  direct  connection  with  the  exterior.  Tt  is  not 
dithcult  to  understand  why  specially  sensitive  and  elaborate  receptor  organs  should 


Digitized  by  Go 


NERVOUS  SYSTEMS,  PERIPHERAL  AND  CENTRAL  ^67 

be  developed  at  that  eod  of  an  aniinal  which  is  most  exposed  to  the  complexity  of 
outer  va&aaanMR,  The  oerebnil  ganglia  ha^  no  doohbi  been  formed  in  relation  to 

these  manifold  sensory  impressions,  and  loni?  fiwociation  neurones  have  been 
developed  in  nr^ler  that  slight  intiuenee.%  able  to  aliect  the  dehcate  receptors  in  the 
head  but  not  the  less  aensitive  ones  elsewhere,  may  affect  disUnt  parts  of  the  organiam. 


* 


As  we  proceed  upwards,  we  rapidly  gain  complexity  and  efficiency  by  the 
developuient  of  these  long  asaooiation  nemonee,  which  are  indeed  the  only 
fdndamentel  difference  between  the  higher  and  lower  invertebrates.  In  the 
Vertebrates,  the  primary  motor  neurones  have  their  cell  bodies  in  the  central 

m<is,«.  like  the  invertebrate';,  but  the  primary  sensory  neurones,  instead  of  having 
their  cell  bodies  in  or  near  the  burfaco,  have  undergone  a  change  in  situation,  so 
that  the  cell  body  is  placed,  as  it  were,  on  a  side  brsuich  of  the  nerve  fibre  close  to 
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Vio.  148.  DiAGBAiu  or  vhb  bvolutioh  or  thb  csitTiML  mavoTS  mmi. 
A  BcBMijr  JwoMofc       AMOdfttfon  nvaronc.    Jf,  Motor  acoroDC.    «^  BtptUifllU  otIL  aslltiMltfldL 

1.  Mpongcw 

3.  Sinii'Ir-»t  forra  in  the  earthwnrm. 

4.  Intercalation  of  iMOfMition  neuron ea  in  the  earthworm. 

fi.  B»eipti0Dal,fliu|>i»,i«laH«iBV«ite1iv«t«i;  PoMttdy  osiaUiiK  in  tlie  oue  ol  the  kOM  Jok. 

0.  Uioal  tjrpo  ia  vertebrates.  The  cell  bodtoof  tlwMiuofy  n«wo»MW«{D  fbodoraJ  nM(gugll>.lB^^ 

of  In  the  receptor  organs,  exce  pt  in  the  olfaotorr  organ. 

T.  Additl'  ii  I'f  higher  centr>-?<,  (•i!iis.i>tin^'  oiilv  d  :u-.swoi;iti(Mi  neurone*,  some  of  nhii-h  nrt>  inhibJtx-r-, .  Tb«y 
form,  M  It  were,  lon^fer  and  ion^'er  waraliel  or  alternative  loops  between  the  receptor  and  effector 
orgMUk  ThcM  loops  nay  be  foUowed  in  Fig.  147. 
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the  central  nervous  system,  and  thus  tlie  ganglia  of  the  dorsal  roots  are  formed. 
Tbe  olfMtoy  nerve  alone  ratainB  its  primitive  oooditioii. 

Whether  there  ia  an^  aetoal  oontiniiity,  of  the  nature  of  that  premiiied  to  exist  in  a  nerve 

iiptwork,  in  the  case  ot  tho  neurones  forming  the  nerve  centres  of  the  vertebrate,  has  l>een 
somewhat  dispute.  The  evideoce  is  of  a  very  doubtful  ohanuster,  and  the  relation  by  contact 
with  the  hiteiposition  of  a  '*  vynaptk  membrane^"  aa  it  it  oalled  Vy  Sherrington  (1906,  pp.  15-17)i 
beoomae  oiariMd  and  predtomfniHit. 

Wfaoi  the  axon  is  cut  off  from  its  cell  body;  it  undeiipoes  a  process  of 

d^rf*'ii*'rni{niy^  a-^  ft  part  of  any  cell,  except  that  containini:^  the  nucleus,  does.  Owing 
to  the  large  number  of  long  neurones  in  tlie  vertebrate,  section  of  their  nerve  centimes 
result^}  iu  extensive  degeneration,  contrary  to  what  obtains  in  animals  like  worms. 
The  degenerations  following  known,  loaUiaed  injuries  fonn  an  important  method 
of  investigating  the  manner  of  oonneotion  of  one  part  of  the  central  nervous 
system  with  another. 

A  fact  to  which  Parker  calls  attention  (1909,  pp.  338-345)  is  the  ori;.cin  of 
electors,  other  than  muscles,  such  as  chromatophores^  glands,  phosphorescent 
Qirgans,  etc.,  which,  like  that  of  mnsde  itself,  appears  to  m  independent  of  tiiat 
of  the  central  nervous  q^stem  and  to  be  continued  throughout  the  course  of 
evolution.  These  effectors  become  appropriated  by  the  nervous  system,  as  it  grows 
in  its  powfir  of  control. 

Many  of  the  facts  referred  to  above  may  be  made  clearer  bj;  reference  to  the 
diagrams  of  Fig.  143. 

The  most  striking  morphological  fact  with  regard  to  the  vertebrate  nervous 
systena,  as  compared  with  the  invertebrate,  is  that,  although  the  cerebral  mass  or 
brain  in  lx)th  casp<<  lies  in  front  of  and  aljove  the  alimentary  canal,  the  continua- 
tion along  the  Ij^jdy — spinal  conl  in  the  vertebrate,  •^ani^lionic  chain,  or  similar  set 
of  ganglia,  in  the  invertebrate — hai>  a  diii'erent  relationship  to  the  alimentary  canal, 
heug  dorsal  to  it  ia  the  vertebrate^  ventral  in  the  invertebrate.  Now  Qaskell 
(1908)  has  broaght  forward  a  theory,  supported  by  a  large  body  of  evidoace  and 
entirely  in  agreement  with  the  pre-eminence  of  the  nervous  system,  according  to 
w-hich  the  vertebrate  nervous  system  is  in  direct  continuity  of  descent  with  that 
of  the  invertebrate.  The  ventral  ganglion  masses  grow  up,  as  they  increase,  to 
surround  the  primitive  alimentary  caiml,  whidi  finuly  becomes  the  central  canal 
of  the  signal  cord  in  connection  with  the  ventricles  of  the  brain.  This  necessitates, 
of  course,  the  formatkm  of  a  new  alimentary  canal,  which  takes  place  bv  enclosure 
of  a  space  by  downgrowth  of  the  Ixxly  walls  ventrally.  There  is  rea  llv  no  more 
ditliculty  in  this,  as  (iaskell  points  out  (190s,  p.  5S),  than  in  the  production  of  a 
new  respiratory  system  in  the  passage  from  fish  to  land  amphibians  and  less 
difficulty  than  in  supposing  that  a  new  nervous  (^tem  was  developed.  The  way 
in  which  this  view  accounts  for  many  curious  features  in  the  embryological  develop- 
ment of  the  vertebrate  nervous  system  can  only  be  appreciated  by  consultation  of 
Gaskell's  book. 

STBUCTUBE  AND  PBOFEBTIES  OF  TH£  NEUBONE 

We  may  nnt  proceed  to  consider,  briefly,  some  facts  as  to  the  gmeral  structure 
and  function  of  the  elementary  constituents  whicli  make  up  the  nervous  system, 
omitting,  for  the  present,  the  question  of  the  nerve  network. 

One  of  the  most  striking  characters  of  the  neurones,  at  ail  events  iu  the  higher 
vertebrates,  is  that^  contra^  to  the  ceils  of  otiier  organs,  the  whole  of  those  which 
the  adnlt  animal  is  to  possess  are  present  at  birth,  gradually  taking  on  functional 
activity.  There  is  no  evidence  of  any  regeneration  after  destruction  or  death  of 
any  individual  neurone.  Although  there  are  great  vai-ietias  iu  detail,  especially  in 
size  and  shape,  in  the  neurones  of  dillerent  function,  they  all  consist  of  a  nucleus 
surrounded  by  cytoplasm,  and  have  an  uubrancbed  process  which  may,  however» 
divkle  peripheraUy—- the  axon ;  they  have  also  brsndung  processes,  the  dendrites^ 
which  also  communicate  with  those  of  other  neurones,  as  mentioned  above. 

Cert^'iin  observers,  by  examination  of  nerve  cells  fixed  and  stained  in  various 
ways,  have  shown  that,  after  this  treatment,  there  are  two  obvious  structural 
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elements  in  the  cytoplasm  :  (1)  Large  granules  or  masses  which  stain  deeply  with 
"ba^sic"'  dyes,  and  are  called,  from  their  discoverer,  "Nissl  Bodies,"  and  (2)  an 
appearance  of  fine  fibrils  passing  through  the  cell  substance  from  one  process  to 
another,  "neuro-fibrils.  "  Now  Mott  (11)12)  and  Marinesco  (1912)  have  ma^le 
very  careful  examinations  of  living  nerve  cells,  partly  by  the  aid  of  the  ultra- 


d  e 

Fio.  144.   Living  nervk  cells  from  the  dorsal  root  oanolia,  as  seek 

WITH  THE  ULTRA -MICROSCOPE. 

a,  Noniml  cell,  from  <lo)f  three  dayii  oUI.    Fine  colloidal  particles  in  rytopla«ni.  ehowint:  Bro»iii*o 

movement.    Nucleiiii  appearii  nearly  empty.  No  indicfttion  of  NI«b1  bodies,  nor  of  nvuro-Abrilaw 
No  ania>)ioid  movement  of  the  (.-ell  a.s  a  whole  waa  noticed. 

b.  Similar  cell  from  new-born  dot;.    More  hitrhly  matrnifled.    Collection  of  |iarticles  around  nucleua. 

c,  From  ifanjrlion  in  himliar  ri-jrion  of  new-boni  dog.    Larjfe,  brilliant  frranulet  are  seen  where  the 

axone  lea*  e«. 

d.  Five  cells  from  small  dotf.    They  showed  siwntaneous  chan|re«  under  oltwr\'ation.    The  brighter 

areas,  due  to  larffer  particles,  chan^red  tneir  positions  in  the  cells. 
«,  Tvo  cells,  which  h-od  been  treated  with  sodium  iodide  for  eitrht  hour*.    Appearance  ol  lar;^ 
aggretpites  of  particles,  surrounded  by  smaller  ones  still  showing  Brownian  moremenU 

(Marinesco.) 

microscopic  method  of  brilliant  dark-ground  illumination  (see  page  82),  and  agree 
in  the  statement  that  neither  Nissl  bodies  nor  neuro-fibrils  are  present  in  the 
living  state  ;  a  result  which  might  be  suspected  from  the  work  of  Hardy  described 
in  Chapter  I.  of  this  book  (see  Fig.  14-i).  The  considerations  of  that  chapter  as  to 
cell  protoplasm  in  general  apply  to  that  of  the  neurone.  It  is  seen  to  be  fuH  of  fine 
granules,  behaves  as  a  viscous  fluid,  and,  to  reagents,  responds  as  an  electro- 
negative colloid.    Without  denying  the  value  of  observations  on  fixed  cells,  Mott 
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thinks  that  the  conceptions  of  neuro-fibrils  and  Nissl  substance  nve  apt  to  lead 
astray  in  the  interpretation  of  phenomena  taking  place  during  life.  His 
observations  were  made  on  ganglion  cells  mounted  in  serum  or  cerebrospinal  tluid 
of  the  uiiinAl  whofle  cells  were  tmder  observation,  and  they  were  kept  at  body 
temperature.  The  granules  are  extremely  minute,  not  more  Uisn  1  /( In  diameter, 
and  tliey  appear  themselves  to  consist  of  a  colloidal  solution  surrotinded  by  a 
lipoid  envelope.    This  envelope  stains  deeply  with  methylene  blue. 

The  obserirations  of  Ross  Harrison  on  the  outgrowtii  of  nerve  fibreji  have 
already  been  mentioDed  (page  22).  They  suggest  strongly  an  amceboid  movement 
of  the  prooessesof  the  nenre  oeU,  at  all  events  in  the  emVyonic  state^  and  show 
that  the  nerve  fibrei  grow  out  frcnn  cells  in  the  central  nervous  mass,  thus 
placing  the  Tieurono  dr>ctrine  beyond  question  (see  Fig.  20).  If  this  amceboirl 
nature  of  the  branches  of  the  cells  continues  in  the  adult,  the  possibility  is  present 
of  influence  by  changes  of  surface  tension,  due  to  excitation  procet^ses  in  tlie  cell, 
and  flta  effect  on  the  degree  of  oontaet  with  other  neurones. 

Contrary  to  the  nerve  fibre  itself,  the  cell  body  of  the  neurone  is  vwy  sensitive 
to  dt'i  n-ivntion  of  oxygen,  both  cj'toplasm  and  nucleus  becoming  swollen.  Similar 
changes  occur  when  the  axon  is  injured,  and  the  power  of  recovery  depends 
ou  the  degree  of  the  injury.  If  recovery  takes  pkce,  the  axon  grows  out  again 
to  the  periphery. 

IBVom  the  effect  of  raised  temperature,  Mott  concludes  that  there  are  at  least 
two  colloidal  substances  in  the  living  cell,  fluid  granules  with  delicate  niembranes 
anfl  a  viscid  homogenf  ons  semi-fluid  substance  forming  the  external  phase.  The 
nu-itibranes  on  the  surface  of  the  internal  pha^e  are,  doubtless,  produced  by 
adsorption.  lUse  of  temperature  causes  the  granules  to  blend  with  the  external 
phase. 

Ihe  fact  that  each  lateral  half  of  the  electrical  organ  of  Malapterurus  is 
innervated  by  one  single  lar<re  efferent  neurone  enalilf^d  Gotch  and  Burch  (1896) 
to  investigate  certain  elementary  properties  of  the  mode  of  discharge  of  the  nerve 
€^11.  Although  caution  must  be  exercised  in  extending  these  results  to  all  eilbrent 
neurones,  they  give  valnahle  indications  of  the  phraomena  possible.  The  response 
to  a  peripheral  stimulus  is  usually  iniiltiple»  that  is»  a  rhythmioil  series  of  discharges. 
In  fatigue,  the  number  of  discharges  y>»'r  second  is  decreasfd  before  the  intensity  of 
each  individual  discharge  falls.  'The  tune  taken  by  an  impulse  to  pass  from  the 
ati'erent  to  the  efferent  side  of  a  cell  is  from  0-008  to  0*01  second  and  is  increased 
by  fatigue. 

It  is  somewhat  difficult  to  state  what  is  actually  the  function  of  the  cell  body  of 
the  neurone,  apart  from  being  the  meeting  place  of  6bres  from  various  other  neurones 
and  thus  allowing  for  the  connection  of  a  num>>er  of  afferent  arcs  with  thf  sfune 
"  final  common  path."  It  seems  that  it  must  act  in  reinforcing  impulses  wluch 
might  be  too  weak  to  set  up  a  disturbance  in  a  fresh  neurone.  The  refractoir 
pefriod,  no  doubt,  plays  a  part  and  we  must  also  suppose  tibat  changes  in  the  eeU 
tx>dy  ate  able  to  prevent  the  reception  of  impulses  coming  from  sources  extraneous 
to  those  oonnect^  with  the  pnrtieular  act  in  which  the  neurone  is  engaged  at  a 
given  moment.  In  certain  cases  it  seems  that  it  is  not  necessary  that  tlie  impulses 
.should  pass  through  the  actual  cell  body  itself.  When  this  lies,  as  it  were,  on  a 
side  brandi  of  the  nerve  ftbre^  the  continuation  of  this  fibre  may  branch  and  act  as 
dendrites  to  form  connection  with  another  neurone.  Tliis  fact  has  only  been 
clearlv  shown  for  one  ca.se,  namelv,  that  of  the  crab,  in  whi<  li  the  cell  bodies  lie  on 
the  surface  of  the  ganglion  ma.ss,  and  Bt  tlio  (1897  and  189^5)  has  succeeded  in 
cutting  them  oft^  leavin-s  the  reflex  to  be  conveyed  through  the  neuropile.  After  a 
1  time  the  refleK  disappears^  presumably  because  tlie  troplde  action  of  the  cell  body 
with  its  nudens  has  gone. 

A  le»8  con>incing  experiment  of  the  same  kind  wa-s  made  by  Steinach  (1899)  on  the  dorsal 

root  ganglia  of  the  frug.  By  separuting  these  gnnglia  from  their  l)l(Kxi  supply,  it  was  found 
that  the  cells  degeuerulcd  after  about  fourteen  tlays,  l>ut  that  the  sensory  impulses  were  still 
transmitted  through  the  ganglia.  If  tliese  ref^uiti  apply  to  ncunmea  in  general,  it  must  be 
admitted  that  the  actual  cell  substance  itself  has  very  little  function,  except  that  of  nutrition, 
and  the  main  physiological  activities  must  be  relegated  to  the  synapses. 

The  cell  bodies  have  the  usual  needs  of  celk  undergoing  metabolic  changee, 


Digitized  by  Google 


472         PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


especially  the  need  for  oxygen.  The  question  of  tlie  respiratory  exchanye  ot  the 
oentrsl  nervous  system  has  not  been  thoroughly  investigated.  Leonard  Hill  aaH 
Naharro  (1895)  found  the  oxygen  onsumption  and  the  carbon  dioxide  evolution  to 

be  considerably  less  limn  that  of  niusclo,  as  vn^jlrl  },p  oxpectod.  Tfio  rate  nf  thr- 
blood  current  was  not  taken  especially  into  account  m  these  experimeutii,  so  tliat  it 
is  difficult  to  compare  the  absolute  respiration  of  the  brain  with  that  of  other  organs. 
The  dark  colour  of  the  blood  in  the  cerebral  veins  suggests  fairly  oonstdenUe 
consumption  of  o3cygen  and  the  immediate  loss  of  consciousne.ss,  produced  in  manbj 
cessation  of  the  noi  n  il  npply  of  arterial  blood,  shows  the  dependence  on  constant 
supply  of  oxycron.  it  the  actual  consumption  is  small,  this  lattar  fact  shows  that 
it  must  be  prei>eut  with  a  liigh  tension  in  order  to  act  efficiently. 

In  the  work  of  Ak-xauJur  aud  Csema  (1913)  thv  rat«  of  iiow  was  deterruiued  an<i  the 
oonclnsion  was  arrived  at  that  the  amall  values  of  Hill  and  Nabarro  were  due  to  the  aoimb 
being  narcotised.  If  allM\ve<l  to  escape  from  the  influence  of  deep  ana? sthe>»ia,  the  oxygen 
oonsuiiipiiun  was  found  to  be  very  considerable,  namely,  0  36  c.c.  per  gram  per  minute.  If 
this  is  not  a  misprint  for  0*036  o.c,  it  seems  to  throw  some  doubt  on  the  aoonracy  of  (M 
method  used,  Kinoc  Barcroft  and  Dixon  only  obtained  0-01 1  for  the  heart  mnsde  lud  MIQIoft 
0'028  for  the  salivury  glands  {see  Bnrcroft's  article.  IWS,  p.  757). 

A.  R.  Moore  (1919)  finds  production  of  carbon  dioxide  as  a  result  of  activity 
in  nervous  tissue,  when  exteneive  degeneration  is  taking  place,  products  of 
the  breaking  down  of  lecithin,  etc.,  may  be  found  in  the  blood  or  cerebro-spinal 
fluid.  Otherwise,  the  metabolism  of  nervous  tissue  is  unknown. 

THE  KERVE  NETWORK 
It  is  obvious  that  there  must  be  physiological  continuity  between  constituent 

units  of  the  nerve  centres  in  all  cases.  In  all  animals  above  the  Coelcnteratc  con 
dition,  however,  there  is  not  direct  structural  protoplasmic  mntmuitv  between  tlu- 
neurones  ;  we  have. already  spoken  of  the  synaptic  membrane  intervening,  aud 
biiali  iiave  to  discuss  its  properties  presently.  In  the  Coeleoterates,  and  possihly 
in  certain  parts  of  the  higher  animals,  there  is  a  kind  of  nervous  tissue,  posssasing 
certain  properties  of  central  nature,  in  which  a  direct  anatomical  connection 
appeal's  to  exist  between  the  various  nerve  fibres  and  cells.  This  is  associated 
with  the  power  to  conduct  impul?^es  in  all  directions,  as  we  saw  in  the  case  of  the 
swinmnng  movements  of  the  jelly-fish.  Here  the  ability  to  perform  co-ordinai€tj 
movements  depends  upon  the  refractory  phase,  so  that  impulses  arriving  at  the 
centre  when  in  a  state  of  activity  are  inoperative.  (See  Bomanee,  1876,  ind 
Bethe,  1903,  pp.  76- 124.)  For  the  *' trapped "  excitation  wavte^  see  A.  G.Msyer, 
1906,  1908,  and  Harvey,  1912. 

Von  UexkiUl  (1909,  p.  81)  finds  it  neoeaaary  to  introduce  the  conception  of  "  interrupter'' 
or    represcntant "  as  intervening  between  the  nerve  net  and  the  muscle  fibre,  whose  property 
it  is  to  .iccumiilate  ai)d  give  out  "excitation."    Tliis  exeitrttion  flows  from  a  placti  of  higher 
preMure  in  the  network  to  one  of  lower  pressure,  so  that  a  stretched  muscle  beoMoe 
stinulated  and  vioe  versa  (see  also  p.  1315  of  von  UexkUtPs  book). 

In  higher  invertebrates,  such  as  the  earthworm,  the  neumpile  of  the  central 
nervous  system  has  been  stated  to  consist  of  a  network  of  the  processes  of  the 

afferent  and  efferent  cells.  It  is  a  matter  of  much  difficulty  to  be  certain  as  to 
whether  there  is  direct  nnatomioal  oontinnity,  and,  in  fact,  BetsittS  (1892,  p.  14) 
says  that  connection  is  by  contact. 

Even  in  vertebrate  animals,  we  find  in  peripheral  parts  nervous  interiaciiigs 
which  appear  to  be  networks.  A  figure  of  such  an  arrangement  in  the  palate  of 
the  frog  is  to  be  found  on  p.  79  of  Bethe's  book  (1903).  Similar  struetuveB  txi^t 
on  the  walls  of  blood  vessels,  and  in  connection  with  smooth  muscle  geuerallT 
(see  Fig.  109,  pajje  402,  after  Uetzius,  1892).  With  regai*d  to  tliese  "network^' 
although  there  are  local  thickenings  to  be  seen  in  stained  preparations,  especially 
at  places  where  branches  are  given  ofi^  there  is  no  evidence  that  thev  possess  the 
properties  of  centres,  such  as  that  of  reflex  action.  Moreover,  if  the  figurei  given 
by  Retsius  (1892)  be  looked  at  carefully,  the  impression  is  given  that  there  is  no 
anastomosis  between  branches  of  dilTerent  nerve  fibres.  At  the  same  time,  in  such 
cases  as  those  of  the  vasomotor  nerves,  there  is  no  necessity  for  the  sejjarate 
stimulation  of  dififereat  muscle  cells,  as  in  the  delicate  adjustments  ot  voluntaiy 
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muscle ;  a  oondderable  number  of  smooth  miucle  fibres  are  reqaiied  to  be  in 
action  at  tbe  aune  time.    Bat,  even  if  they  exist,  it  is  obvious  that  snch  networks 

are  not  the  same  thing  as  the  nerve  centres  of  the  lower  invertebrates. 

An  exception  must,  perhaps,  be  made  in  the  case  of  Au^rharh^»  plexus  in  tbe 
■aiimentary  canal.  This  seems  to  possess  reflex  functions  as  we  have  ^n  (page 
867),  and  ganglion  cells  are  readily  to  be  detected  in  it.  This  system,  however, 
pofiseasee  t^be  properties  of  a  synaptic  system,  suoli  as  exoitatieci  siid  inhibitum  in 
definite  directions,  rather  than  the  indmerence  of  the  tjpieal  network,  and  Gaskell 
has  shown  tbat  the  hypothesis  of  reflex  action  is  unnecessary  (see  page  367). 

It  i=  of  interest  in  this  connection  that  Meek  (1911)  has  fornd  that  the  plrxus  oonneotiOQS 
are  regenerated  m  about  lour  months  after  tiaaseotion  of  the  intestine.  The  muscular  end 
epitheliftl  regeomation  is  oompleted  oonaiderably  earlier  tbsa  tlie  cspadty  (tf  truismitltog  a 
wave  of  iahibitica,  thus  gWag  additional  endenee  that  the  ''mjentano  reiex"  is  of  dsttous 
origin. 

Hofmann  (1907),  rr  the  result  of  extensive  and  detailed  investigation  of  rortain 
peripheral  networks,  especially  thot>e  in  the  heart  muscle  and  those  innervating  tlie 
chromatophores  of  the  Cephalopods,  comes  to  the  following  conclusions,  which  he 
finda  to  agree  with  the  observations  made  by  other  iRrorkers,  with  re^rd  to  the 
smooth  muscle  of  vertebrates  in  general.    The  nerve  bundles  supplying  such 
muscular  structiiref?  form  a  priman.'  plexus  by  branching  and  by  division  of  the 
coarse  nerve  fibres  contained  in  them.    Tins  plexus  is,  as  regards  the  direction  of 
its  fibres,  independent  of  that  of  the  muscular  strands,  and  often  passes  transversely 
across  tbsm.  Thefe  fibres  do  not  anastooiose  with  eseh  other.   In  fact,  Hofmann 
had  previously  shown  (1904)  that  each  nerve  fibre  has  its  own  area  of  distribution 
and  that  there  is  no  spreading  of  excitation,  such  as  wo  meet  with  in  the  Medusw, 
From  this  plexus,  again,  fibres  are  given  off  which  form  another,  "  terminal,"  plexus, 
-vs'hose  single  fibres  run  close  beside  the  muscle  cells,  not  formiug  definite  "  endings  " 
in  or  upon  them,  but  finally  looping  backwards  and  Joining  otifier  blanches  of  the 
same  fibrs^  or  perhaps  other  ftbras  of  the  same  nerv«,  alHioagh  it  was  not  possible 
to  decide  whether  the  latter  was  really  the  esse  and  whether  a  continuous  network 
of  the  branches  of  the  same  nerve  bundle  may  exist.    The  possibility  of  fine  short 
fibril.s  passing  to  the  muscle  Pubstance  from  the  loops  is  not  excluiled  by  th^ 
results  and  it  does  not  seem  unlikely  tbat  there  is  some  further  connection  between 
the  nerve  fibre  and*  the  mnsele  cell  than  the  mere  contiguity  of  the  loops.  There 
is  nothing  of  the  nature  of  ganglion  cells  present  in  these  plexuses.   What  have 
been  taken  for  them  can  be  seen  in  good  preparations  to  be  separate  from  the  nerve 
fibres  and  apj>ear  to  be  nuclei  of  connective  tissue  .sheatlis  to  the  nerves. 
The  importance  of  these  facts  with  resnect  to  the  heart  will  be  seen  later. 
Peripheral  networks  of  the  kind  described  above  olesrly  serve  only  for  oondno- 
tion  ana  iK>t  for  origination  of  nervous  impulses,  nor  as  reflex  centres. 

Owing  to  the  fact  that  nerve  fibres  conduct  in  both  directions,  it  will  be  seen 
that,  if  one  branch  of  a  nerve  fibre,  which  has  divided,  is  put  into  excitation  by 
some  me^ans,  the  impulses  will  spread  over  all  the  other  branches  of  the  same  fibre 
and  to  any  other  fibres  with  which  tiieae  may  be  connecL^jd  in  a  network.  We 
have^  in  soch  a  oase^  an  "aosofi  rejlexy^  as  defined  by  Langley  (see  page  425}. 
Excitation  must  spread  to  any  effector  cells  supplied  by  sny  of  tue  fibres.  I  refer 
to  this  fact  here  on  account  of  certain  cnrinus  phenomena  connected  ^vith  the 
rano-fnicUor  mechanimii  of  the  ttkin.  ^^  hen  the  peripheral  ends  of  dorsal  roofs  are 
6tiiiiulat^,  the  region  which  has  its  sensory  innervation  in  the  particular  root 
stimulated  shows  that  its  arterioles  have  <ulated.  Doi  (1920)  shows  that  the 
plienomenon  is  present  in  the  frog,  and  that  the  dilator  efiect  is  exercised  both  on 
arterioles  and  on  capillaries.  T  wa.s  able  to  show  (1901,  "2)  that  the  nerve  fibres 
concerned  have  the  same  kind  of  anatomical  connections,  and  show  the  same 
degeneration  relations,  as  the  ordinary  alferent  fibres.  It  is  well  known  tliat 
certain  substances,  such  as  mnstard,  placed  on  the  skin,  produce  inflammation 
there.  Spiess  (1906)  observed  that  snch  inflammation  does  not  occur  if  the  area 
of  skin  is  antesthetised,  as  by  cocaine,  and  thought  that  the  inflammatory  pixjcess 
was  brought  about  by  a  refiex  from  the  spinal  cord  to  vasodilator  nerves. 
Ninian  Bruce  (1910),  however,  found  that  the  inflammation  was  still  produced 
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after  mere  <!oction  of  the  dorsal  roots,  so  tint  it  could  not  be  a  spinal  reflex.  It 
was  not  present,  on  the  other  liand,  ii  .suliieiunt  time  had  been  allowed  for  tb 
nerve  libres  to  degenerate.  The  vaso-diiatation  produced  by  mustard  depends 
the  integrity  of  sensory  nerve  fibres^  althoagh  not  an  ordinary  reflesu  There  seeiw 
to  be  no  other  explanation  except  that  given  by  Bruoe  himself,  namely,  that  the 
phenomenon  of  the  nature  of  an  axon  reflex.  Tlic  sensory  fibres  must  l)e  sop- 
posed  to  branch  at  the  pt  riphery,  one  part  supplying  receptors  iu  the  skin,  the  other 
supplying  the  muscular  coat  of  arterioles  and  acting  there  as  efferent  inliibitorv 
fibres  (Fig.  145).  When  the  receptor  branch  is  stimulated,  excitation  spreads  to 
the  main  fibre,  and  back  along  the  vascular  brandl  to  the  blood  ve8sels.  It  r.uy 
be  that  this  latter  enters  a  peripheral  network,  as  suggested  by  me  (1901,  2,  p.  \%\. 

THE  SYNAPTIC  SYSTEM 

The  anatomical  unit  of  the  higher  central  nervous  systems  is,  as  we  have  sees, 

the  neurone.  Perhaps  the  clearest  proof  of  the  strw^wral  discontinuity  of  the 
individual  nenronos  is  aflbi'ded  by  the  fact  that  the  (Ieqenerntio!i  which  takes  j'W 
ill  a  nerve  hbre,  when  it  is  cut  off  from  the  rest  of  its  neurone,  only  proceeds  asfir 
as  its  contact  (synapse)  with  the  pi'oces^s  (dendrites)  of  another  neurouc. 
Although  physiological  continuity  must  exist,  there  is  evidently  an  absence  of 

protoplasmic  or  nutritive  cou 
tinuity.    As  Sherrington 
points  out  (1006,  p.  17),  sucii 
a  contact  surface  is  of  giv-i^ 
functional  importance  since 
"it  might  restrain  difiuiioD, 
back    up    osmotic   pressun.  , 
restrict  the  ino\>'TP.ent  of  irm  ,  I 
accumulate   electric   chjiige>,  I 
support  a  double  electric;  layer,  i 
alter  in  shape  and  surfaw  { 
tension  with  changes  in  differ 
ence  of   p<.>tential,   alter  in 
diftereuce  of  potential  with 
clianges  in  surface  tensioo 
in  shape,  or  intervene  ss  t 
membrane  between  dilute  solu< 
tions  of  electrolytes  of  different 
concentration  or  colloidal 
suspensions  with  dirt'eront  si?ii 
of  charge  " ;  in  fact,  all  the  numerous  phenomena  which  the  earlier  chapters  of  tk» 
present  book  have  shown  to  be  of  fundamental  importance  in  the  mechapism  ol 
the  cell.    We  have  also  manifold  possibilities  of  excitation  and  inhibition  in  the 
use  of  one  and  the  sanie  Ti'-inone  in  different  nervous  acts  and  the  consequent 
advantages  to  the  orgamsiu  m  economy  of  machinery. 

Some  points  r^arding  the  properties  of  the  synaptic  membrane  have  beea 
already  alluded  to^  but  may  be  recapitulated  here. 

Since  there  is  no  structural  continuity,  the  possibility  of  actual  retraction  owing 
to  increase  of  surface  tension  nnist  be  admitted. 

Tiie  action  of  ehxtrulytes  (page  218).  chloroform,  and  strychnine  (page  4'27) 
Is,  no  doubt^  exercised  on  the  synaptic  membrane,  which,  like  other  cell  membraim 
is,  presumably,  a  colloidal  system. 

The  summation  of  a  series  of  ineffective  stimuli,  so  that  a  reflex  is  ultimately 
produced,  is  a  common  property  of  nerve  centres.  Also  "  facilitation,"  as  it  is 
called  by  Sherrington,  in  which  an  effectivo  stimulus  leaves  the  niecliani'^ni  for  :i 
time  capable  of  excitation  by  stimuli  which  were  previouslv  too  weak,  smus  to 
be  a  further  aspect  of  the  same  phenomenon.  The  work  of  Adrian  and  Luu> 
(1912,  p.  121)  has  been  already  referred  to« 

Adrian's  work  (1912,  p.  411)  on  the  **qII  or  nothing"  principle  has  importast 


FtU.  14&    DUORAM  OP  RErLBX  AMnDROMIO  VASCULAR 
DILAVAnOir  AS  AXON  KBILBX. 


A  stimulu!)  .it  A  gives  riw  to  an  impulse  possltiff  a\on%  fibre  B  to  the 
•piiial  cord.  A  branch  from  thts  fibro  A  Is  (riven  off  at  C,  which 
en<l8  in  the  walls  of  the  arteriole  D.  StiniuUttion  of  the  sensory 
end  organ  of  the  fibre  at  A  f(\\f»  rise  to  ftn  tfwpglw  «^iich  finniw 
to  the  arteriole  alon^f  the  branch  C  in  Ktditioa  to  WflMin  th« 
•pinol  cord,  U  the  main  fibre  B  \s  intact. 

(Bainbridge  and  MoMzies,  ''EssantiAts 
of  Physiology,  ■  p.  289.) 
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consequences  for  the  central  nervous  system,  since  it  shows  that  a  distarbanoe 
cannot  be  permanently  altered  in  strength  by  pa^ising  through  some  i*o<:ion  nf 
decrement.  We  cannot  assume  that  it  can  be  made  in  this  way  too  sniall  to 
ptiss  through  the  synapse,  which  must  itself  be  looked  upon  as  a  place  of  decrement 
(see  page  426).  This  faet  shows  the  importanoe  of  Uie  actual  connections  of  a 
particular  neurone ;  in  other  words,  the  anatomy  of  tracts  and  the  centres  which 
they  brini?  into  relation  with  one  another  is  of  essential  importance.  At  the 
same  time,  the  ellect  of  strychnine  shows  that,  in  the  spinal  cord,  there  is  potential 
communication,  at  the  lea^t,  between  a  receptor  and  ail  the  motor  neurones.  A 
localised  fltimnliis  sets  into  activity  the  whole  of  the  muscles  of  the  body. 

Irredproeal  Conduction. — It  seems  to  be  a  very  usual  property  of  the  synaptic 
membrane  to  allow  impulses  to  pass  in  one  direction  only.  Thus  Gotch  and 
Hnrsley  (1891,  p.  185)  found  that  stimulation  of  the  central  end  of  an  efferent  root 
caused  no  electrical  change  in  the  spinal  cord  above,  although  that  of  an  alFerent 
root  did  so.  On  the  other  hand,  the  discharge  of  a  spinal  centre  flows,  in  part, 
ba^^ewardt  down  the  other  afferent^  dorsal  roots.  V^szi  (1909),  by  an  ingenious 
form  of  experiment,  has  shown  that  continncd  stimulation  of  a  motor  nerve 
pmdnce?  no  fatigue  in  the  refle\  centres  ;  the  excitatoiy  process  dnes  not  spread 
iiiwar?!^^  ri-  far  as  the  place  where  central  fatigue  occurs.  Some  further  facts  will 
bt?  fouua  m  the  next  chapter  (page  491). 

We  have  seen  (page  141)  how  permeability  of  a  membrane  to  one  only  of  the 
ions  of  a  salt  may  allow  an  electrical  current  to  pass  in  one  dii*ection  only. 
Irreciprocal  permeability  is,  therefore,  a  state  experimentally  realisable. 

Fift?77?/y'.— We  have  already  seen  that  a  motor  centre  may  be  fatigued  for  one 
rctiex  but  remain  unaffected  for  another  (page  423).  This  state  of  fatigue  is, 
accordingly,  situated  in  some  synapses^  not  in  the  efferent  neurone  itself.  Excessive 
fiatigue  has  been  found  to  result  in  changes  in  the  oeW  substance,  as  the  expeiimente 
of  Bolley,  referred  to  on  page  16  above^  and  of  other  observers,  show. 

REFLEX  ACTION 

In  the  most  primitive  condition,  an  effector  may  be  excited  directly  by  a 
receptor  cell,  or  its  prolongation,  as  in  the  sea  anemone.     But  this  arrangement 

cannot  be  called  a  central  nervous  system.     Althoutih  the  neurone  is  the  anatomical 
unit  of  such  systems,  the  reflex  is  t!io  functional  unit,  having  a.s  its  anatomical 
basis  the  retiex  arc.    This,  in  its  simplest  possible  form,  consists  of  at  least 
two  neurones  in  addition  to  the  efibctor  cell  itsell  The  receptor  neurone  forms 
a  synapse  with  the  motor  neurone,  whose  cell  body  is  in  the  central  nervous  mass 
and  whose  axon  passes  out  to  excite  an  effector.    Put  in  another  way,  the 
mechanism  consists  of  three  parts,  receptive,  conductive  (including  nerve  fibre 
and  central  cell),  and  effective  (the  peripheral  organ  set  in  action).    £ven  in 
the  vertet>rate,  the  cell  body  of  the  receptor  neurone,  although  moved  up  to  the 
dorsal  root  ganglion,  as  stated  above^  is  still  outside  the  central  nervous  system. 
But  there  is,  in  any  central  nervous  system,  e»sept  the  ver^  simplest,  a  synapse 
betwwn  at  least  two  neurones.    The  economy,  as  well  as  the  mtcf^rative  efficiency, 
resulting  from  the  use  of  one  motor  neurone  by  several  receptors  could  not 
otherwise  be  obtaiaod.    Tliis  is  the  principle  which  is  called  by  Sherrington  (1906, 
p.  55)  that  of  the  ^^fiiuil  common  piUh.** 

The  simplest  kind  of  reflex  arc  is  to  be  found  in  the  stellar  ganglion  of 
the  Cephalopod,  according  to  the  work  of  Frohlich  (1909,  1).  That  this  ganglion 
has  central  functions  is  shown  by  the  fact  t  hat  stimulation  of  a  j)oint  of  the 
mantle  causes  contraction  over  a  wide  area  if  the  ganglion  Is  intact,  but  if 
it  is  removed,  contraction  is  limited  to  the  spot  stimulated.  The  application 
of  strychnine  has  no  effect,  hence  the  conclusion  is  drawn  that  the  intermediate 
neurone,  or  its  synapse,  <m  which  this  alkaloid  acts,  is  absent  and  the  arc 
consists  only  of  the  receptor  neurone  forming  a  synapse  with  the  motor  neurone 
in  the  ganglion.    That  is,  there  are  two  neurones  and  one  synapse. 

According  to  the  experiuients  of  Jollv  (1910),  the  knee-jerk,''  that  is,  the 
contraction  St  the  extensor  muscles  ol  the  knee  evoked  by  tapping  the  tendon 
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below  the  patella,  has  a  synapse  time"  of  0002  second,  while  that  of  tbe 
flexion  reflex  is  0*004  second.  Tf  the  latter  involves  two  synapses  and  three 
neuronos,  it  appears  that  the  knee-jerk  only  involves  one  synapse  and  two 
neuroue^  an  afferent  one  from  the  tendon,  and  the  motor  neurone  to  the 
muMsle  fibre.  The  esperunents  wete  made  by  the  oae  of  the  string  galTano- 
meter.  By  this  means  it  is  possible  to  record  electrical  changes  in  tbe  afferent 
fibres  and  in  the  nfiferent  fibres,  when  the  tendon  is  struck,  and  the  various  times 
making  up  the  total  latency  can  be  determined  The  knee  jerk  must,  perhaps, 
be  regarded  as  an  exceptional  form  of  reflex  in  the  higher  vertebrates,  althoa^h 
it  shows  the  possibility  of  an  arc  of  two  neurones  only.  The  following  m^uie- 
ments  from  Jolly's  paper  are  of  interest : — 


Kiiee*j«rii. 

Flexion  ReAax. 

Total  latency  • 
Afferent  endingt  •      •  - 
Cooduotioo  timo  • 
Motor  ending!  - 

Ofi05o 
0-0005 
0-OOU 
0-0010 

0-0106 
0-0028 
0-0020 
0-0016 

SynmiMtime  .      •      •  • 

0-0021 

0-004S 

Subtiaetang  the  snm  of  the  second,  third,  and  fourth  numbers  from  the  totil 
latem^t  we  have  the  time  spent  in  psssing  synapses,  as  given  in  the  last  Una 


FkO.  140.    DUGBAX  cm  tUB  SPIKAL  ABCS  IFVOLVSD  IH  THB  SQUAIGH  BEVLBX  IK  THX  IMMl.  ' 

L,  Rc-crptivc  or  aflcrt  nt  iic-n  e  path  from  the  left  fbOt.  * 

R,  Receptive  nerve  path  trom  the  rig-ht  foot. 

Aa,  R^,  R«o«f)«iv«iMmpithBfrombiJniDdifliet«^ 

FC,  The  fln&l  common  path,  in  tbiiCMitlMnMlQriMaiWMtoaflMnranHdefif  IheUpi. 

/'a,  fB,  i*ropno-ispioal  ueuroues. 

(Bfaeningtoo,  im  P*  UftH 

In  actual  experience,  there  is  usually  to  be  found  at  least  one  additional, 
intermediate  neurone,  the  whole  of  which  is  contained  within  the  nerve  centre. 
Thus  Uie  scratch  reflex  "  of  tiie  dog  consists  of  the  following  elements  (Sberringtoo, 
1906,  p.  54),  (Fig.  146). 

1.  The  receptor  nouionc  from  the  skin  of  the  back  to  the  grey  matter  of  a 
certain  spinal  segment  in  the  shoulder  region.  This  forms  a  synapse  in  the  grejr 
matter  with 

2.  A  long  neurone  in  the  spinal  cord  itbelf  (proprio-spinal),  which  passes 
backwards  to  the  segments  of  tbe  hind  leg.   Here  it  forms  a  synapse  with 

3.  The  motor  neurone^  whose  aseon  supplies  a  flexor  misBola  of  the  1^ 

performing  the  scratching  movement. 

There  are  thus  three  neurones  and  two  synapses.    There  may,  indeed,  be  more 
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intraspinal  neurones  and  synapses  between  (1)  and  (2)  and  between  (2)  and  (3), 
bat  the  •nrnngemttit  deseribed  is  the  simplest  possible  lor  such  a  reflex  ae  the  one 
In  qaeetioii,  having  its  reoeptora  end  eflectiM*  in  parte  of  the  body  distant  from  one 
another. 

The  motor  nearone  (3)  is  ihe  jinal  ccmmon  paUi,  and  the  rest  ol  the  arc  np 
to  it  from  the  receptor  is  the  ajjereiU  arc. 

The  complete  mechanism  of  the  scratch  reflex  includes,  of  course,  also  a 
cutaneona  senae  organ,  whidi  IntMisifiea  such  a  a(anralu8  as  the  bite  of  a  flea,  for 
example^  so  as  to  produce  a  propagated  disturhance  in  the  receptxMr  neurone ;  and 
at  the  other  end,  the  fibres  oi  the  flexor  muscle,  the  actual  efifoctor,  are  a  part  of 
the  mechanism. 

There  are  some  important  general  characteristics  of  reflex  action  which  will 
best  be  deferred  till  the  Mtoming  chapter. 

FUNCnONS  OF  THE  "BRAIN* 

The  increase  in  complexity  and  eflfectiveuess  of  the  central  mechanism,  due  to 
the  addition  of  longer  intermediate  neurones,  as  well  as  tiie  addition  of  more  and 
more  intermediate  neurones  to  form  cross  connections,  has  been  referred  to  above. 
At  the  anterior  end  of  an  animal,  we  find  the  gradual  evolution  of  the  "head" 
with  its  specialised  and  elaborate  receptor  system,  notably  that  of  the  "  distance 
receptors,''  as  they  are  called  by  SheiTiugton.  These  enable  the  organism  to  be 
aflfected  by  occnrrences  which  do  not  themselves  come  into  actual  contact  with  it; 
such  occnrrences  are  those  aiSscting  oi^ans  sensitiTe  to  light  or  to  sound. 

In  connection  wi^  these  distance  receptors,  ihib  highest  part  of  the  central 
nervous  system,  the  "brain"  is  developed.  This  part  of  the  system  hm  control 
over  all  the  restb  In  ourselves^  we  know  that  it  is  associated,  in  some  way,  with 
consciousness. 

So  far  is  it  the  case  that  the  brain  is  to  be  regarded  as  the  central  ganglion  of 
the  distance  receptors,  that,  as  Langendorff  has  pointed  oat  (Sherrington,  1906, 

p.  ^49),  a  blinded  frog  is  Hke  one  with  its  cerebral  hemispheres  removed;  a  shark 
without  olfactory  lobes  bcliaves  as  if  it  hud  lost  its  fore-bi  aiii. 

2<ow  Pavlov  has  worked  out  a  method,  that  of  "conditioiwd  refleaxt,"  to  be 
described  in  the  next  chapter,  by  which  it  is  possible  to  investigate  the  mechanism 
of  the  high^t  centres  without  appeal  to  consciousness.  Results  <tf  great  value 
are  to  be  obtained  by  this  method.  Pavlov  himself  r^rds  the  introduction 
of  p«vchological  mo<le.s  of  expression  as  obscuring  the  problems.  No  doubt,  the 
physiologist  is  not,  as  such,  concerned  with  phenomena  of  consciousness,  and  the 
introduction  of  a  method  in  which  they  can  be  omitted  is  a  great  advance.  At 
the  same  tlme^  the  phenomena  of  the  higher  esose  organs  necessitate  the  vse  of 
methods  of  investigation  involving  the  intnidncticn  of  conscioiisness,  although  it  is 
used  as  an  indicator  only* 

The  niethoda  of  comparative  psychology  may  also  he  referred  to  as  illustrating  the 
possibility-  of  investigation  of  the  higher  functions  of  the  nervous  system  without  the  neoMsary 
mtroduotion  of  oonsciousness.   The  book  by  Margsrot  Wsdibimt  on  "The  a«ii»i^i  Kind 
(1909)  may  be  consulted  by  those  interested. 

A  description,  in  any  detail,  of  the  functions  of  the  higher  parts  of  the  central 
nervous  system  would  require  much  moro  space  tlian  can  be  given  in  a  book  with 
the  scope  of  the  present  one.  Fig.  U7,  compared  with  Fig.  143  (page  468),  may 
aerve  to  give  some  idea  of  the  kind  of  connections  that  are  found  in  tine  higher 
nerve  centres.  There  are,  however,  a  lew  facts  of  general  interest  that  may  with 
advantage  be  given  here. 

Those  functions  wliich  we  know  as  "  mental  *'  have  their  seat  in  the  cerebrum, 
eapocially  in  the  cortex  or  pallium,  if  the  philosophers  will  pnrdon  the  use  of  the 
word  "  seat "  in  this  connection.  It  is,  then,  at  first  sight,  u  somewhat  surprising 
fact  that^  by  stimulation  of  certain  limited  regions  of  the  cortex,  definitei  localised 
movements  of  limbs,  face^  tmnk  and  so  on  can  be  evoked.  The  area  which  has 
these  properties  is  known,  for  convenience,  as  tho  mnfnr  area"  Arising  fiom 
this  we  have  the  system  of  long  neurones  known  as  the  "  pyramidal  tract,"  con- 
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sisting  of  the  axons  ot  giaut  pyramiil  cells,  the  "  Bet/,  cells/'  of  a  particular  lavec 
in  the  grey  matter  of  the  cortex.    Ihese  axons  form  synapses  witii  certain  inter- 


mediate neurones  as  for  away  as  the  distant  end  of  the  spinal  cord  and  ultimately 

with  the  motor  neurones  of  the  final  common  path.  These  Bi  tz  cells  are  found  to 
disappear  when  tlie  axons  forming  the  pyramidal  tract  are  cut  through.  Fig.  1  i'^ 
{Holmes  and  May,  1909)  shows  this  fact.    The  view  that  the  pyramidal  fibres  lio 
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not  form  synapses  directly  with  the  motor  neurones  of  the  cord,  as  was  supposed  at 

one  time,  but  with  intermediate  neurones  more  on  the  afferent  side,  appears  to  be 
favoured  bv  most  neurologists  at  the  prp'^ent  time.  It  siiould  also  be  mentioned 
that  the  motor  area  has  a  different  histological  structure  from  that  of  other, 
non-excitable  regions. 

The  first  demute  proof  that  movements  are  evoked  by  electrioal  stumilation  of 
particalar  regions  of  the  cortex  was  given  by  Fritich  and  Hitsig  (1870)  and  was 
a  verv  important  advrtnce  in  knowlcHs^'e.  It  wavS  supposed  by  many  that  "  mental " 
functiort.s  were  independent  of  the  material  constitution  of  the  nervous  system  and 
insufficient  credit  is  given  to  Gall  (1825,  Gali  and  SpUrzheim,  1810-1819)  for 
having  propounded  a  more  sdentiflc  view.  It  is  true  that  his  system  was  based 
on  very  superficial  eonsiderations,.hiit  it  was  Augoste  Gomte  (1877,  3,  565-570) 
who  Rrst  drew  attention  to  the  philosophical  importance  of  his  work. 

When  we  call  the  area  of  the  cortex  from  which  movements  can  be  exciteil, 
the  motor  area,  it  is  not  Uj  Ix?  supponed  that  we  use  the  words  in  the  same  sense  as 
when  applied  to  spinal  motor  neurones  in  the  ventral  horn  of  tlie  grey  matter. 
What  we  stimulate  in  the  former  ease  appears  to  be  some  part  of  a  certain  oompies 
system  of  neurones,  the  activity  ol  which  implies  a  particular  movements  So  uiat, 
if  vre  regard  all  that  part  of  a  complex  arc  up  to  the  final  motor  neurone  as 
belonging  to  the  afferent  wiHe,  we  may  speak  of  these  cortical  areas  as  *'  sensori- 
motor "  or  "  kincfsthetic  "  in  accordance  with  the  view  of  Bafitian  (see  his  book  of 
1880,  pp.  584-588). 

Th»  work  of  Graham  Brown  and  Sherrington  (1913)  shows  that  destruction  of 
the  motor  cortex  does  not  produce  permanent  paralysis  ol  even  delicate  voluntary 
movements  of  tho  part  whose  "area"  has  been  removed,  even  in  an  animal  as  high 
as  the  chmipanzee.  The  arm  area  on  the  left  aide  was  removed,  with  the  usual 
result  of  paralysis  of  the  right  arm.  In  the  course  of  four  and  a  half  months, 
recovery  was  so  complete  t£kt  no  dlfiteiioe  could  be  detected  in  the  heimviour  of 
the  two  arms.  Now  there  are  three  explanations  that  might  be  suggested  for  the 
recovery. 

1  "Resxenerntinn  of  the  area  destroyed.  This  is  excluded  by  tlie  fact  that, 
six  ami  a  halt  months  after  the  first  operation,  another  operation  was  performed 
and  the  area  in  question  was  found  to  be  completely  inexci table. 

3.  Taking  over  of  the  movements  of  both  arms  by  the  corresponding  arsa 
on  the  normal  side  of  the  cortex.  To  test  this,  four  and  a  half  months  after  the 
first  operation,  the  arm  area  wfi'^  destroyed  on  the  rt^ht  side.  Although  the 
immeHinro  result  of  this  was  paralysis  of  the  left  arm,  there  was  no  change  in 
the  movements  of  the  right  arm,  which  had  recovered  from  the  previous 
paralysis.   In  two  months  more,  complete  recovery  of  both  anus  had  taken  idaoe. 

3.  The  postHsentral  convolution,  itself  not  motor,  that  is,  not  excitable  by 
electrical  stimnlation,  might  have  taken  over  the  function  of  the  arm  atea 
immediately  in  front  of  it.  Two  mojith^  «fter  the  second  operation,  this 
convolution  was  reniuved.  At  the  operation  it  was  ftmnd  to  be,  as  usual, 
inexcitabie  and  its  removal  did  not  cause  paralysis  of  voluntary  movement, 
although  for  two  or  three  weeks  after  the  renraval  there  was  weakness  in  some 
mo\  cincnts,  but  this  completely  disappeared  later. 

The  reactions  to  be  obtained  by  stinmlation  of  the  motor  cortex  are,  compare<l 
with  those  of  spinal  reflerc'?,  much  more  nuxlified  by  slight  variations  in  the 
condition  of  the  animal,  blood  supply,  narposis,  etc.  A  systematic  investigation 
of  the  reaction  to  be  obtained  by  electrical  ttimuloHon  ^  coriieal  points  was 
made  by  Ghnham  Brawn  and  Sherrington  (1912).  They  took  two  pointi^  one 
giving  primary  flexion  at  the  elbow,  the  other  primary  extension.  The  two 
antagonistic  muscles,  supinator  longus  and  the  humeral  head  of  the  tricep^j,  were 
connected  to  levers  for  tracing.  Tlie  effects  obtained  were  very  complex. 
Variable  latency,  various  after-actions,  such  as  rebound,  tonic  and  clonic^  mutual 
rdations  of  great  diversity  as  regards  the  pair  of  antagonists,  show  the  high 
0(nnplexity  of  cortical  reactions.  Inhibition  appears  more  prominent  than  excita* 
tion  and  seems  to  be  independent  of  simultaneous  excitation  of  the  antagonist 
muscle,  thus  differing  from  typical  reciprocal  innervation  of  spinal  reflexes  to 
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be  <!(s<-ribo<l  in  tlu-  iu'vt  chapter,  same  cortical  point,  after  lost,  viVIrls 

very  ueurly  tho  mme  r^ult  ii8  it  did  on  jirevious  occaj^ions  ;  hut,  if  it  1m'  stiniulated 
immediately  after  a  previous  reapoiise,  tlie  result  is  UHUuily  found  to  bo  ro verged  ; 
that  is,  a  point  giving  excitation  after  rest  gives  inhibition  if  stimalatotl  again 
after  an  excitatory  response.  HupfKJse,  again,  that  a  point  gives  extension  of  fix; 
ellx>\v,  and  that  then  another  point  which  gives  flexion  of  the  ellM)w  is  stimulated 
aiui  finally  stimulation  of  the  extension  point  is  repeated.  It  is  usually  found 
that  the  effect  is  rovert>ed,  giving  Hexion.  In  tho  decerebrate  preparation, 
stimulation  of  an  afferent  nerve  of  the  limb  oheerved  causes  contraction  of 
the  flexctrs  and  inhibiti«)n  of  the  extensorsi  With  the  cerebrnm  intact^  the 
action  of  the  cortical  Hexion  point  is  augmented  by  stimulation  of  such  an 
afferent  nerve,  and  tho  effect  of  a  cortical  extension  point  is  rever*iOfl  to  flexion  ; 
so  that,  if  the  latter  point  were  being  stiinuiated  and  giving  iU  normal  extension 
effect,  stimulation  of  the  afferent  nerve  may  reverse  the  effect  to  flexion,  but 
the  resnlt  depends  much  on  the  reUtive  strengths  of  the  two  stimulations,  ii  two 
aotagonistic  cortical  points  are  stimulated,  there  is  some  indication  of  algebraical 
smntnation  of  the  opposed  actions  The  general  conclusion  is  f!rawn  tliat  onf> 
of  tho  sptvial  functions  of  the  cortex  is  to  reverse  tlie  factors  of  purely  spinal  or 
decerebrate  reflexes,  when  necessary. 

In  connection  with  these  results^  the  work  of  Osborne  and  Kitvington  (1910)  is 
of  interest.  One  of  the  net  ve  cords  of  the  U/i  brachial  plexus  was  ent^  and  its 
central  stump  joined  to  the  peripheral  stump  of  the  correspontlin^j  cord  of  the 
riyht  side.  After  time  for  i-eijeneration,  ten  months,  stimulation  of  the  right 
motor  area  gave  movements  of  both  paws,  although  normally  it  gives  movements  ol 
the  left  only.  The  left  motor  area  was  dead.  A  point  of  importuce  is  that  the 
natural  ooH>rdinated  movements  of  the  limbs  appeare<l  to  be  quite  normal,  so  that 
the  conclusion  is  justifiefl  that  the  motor  centres  of  the  cortex  can  change  tlu'ir 
function.  The  pirt  of  the  left  motor  area  in  the  above  experiment  must  have 
lieen  assumed  by  that  of  the  right  side.  Kenncily  (1014)  {performed  similar 
experiments.  He  joined  together  the  nerves  of  the  fore  limb  of  tho  dog  in  such 
a  way  that  both  extensors  and  flexors  were  supplied  by  the  same  nerve,  while 
the  antagonist  nerve  was  eliminate<I.  After  regeneration,  the  respective  cortical 
cetjf  res  were  stimulat'  d.  That  of  the  eliminated  nerve  was  inexcitable,  a<  corflin'.;  to 
the  usual  rule.  The  oilier  centrt*,  which  wouUl  normally  have  protlucetl  eithei-  flexion 
or  extension  only,  according  to  tho  point  excited,  cauNcnl  contraction  of  Uuh  untago- 
nbts,  and  at  no  part  of  the  centre  could  contraction  of  either  group  alone  be  obtained. 

Some  experiments  by  Buniett  (1912)  serve  to  illustrate  further  points  in  the 
function  of  the  cortex.  The  l^'haviour  of  froi^s  ftiMu  which  tho  cerebral 
hemispheres  had  been  reniovc<I  was  much  more  machine-like  and  predictable  than 
that  of  normal  one>s,  although,  on  casual  observation,  there  was  not  much 
diflference  to  bo  detected,  so  long  as  they  were  not  exposed  to  any  new  conditions. 
The  normal  and  the  decerebrate  frogs  were  kept  tof^ether  in  the  same  vivarium, 
and  if  flies  were  put  in,  the  norma)  frogs  were  more  skilful  and  accurate  in 
rapturinjr  them  On  the  other  liaml,  if  a  frf>j;  of  each  kind  was  romovc^J,  plni  erl 
un<ler  a  glass  jar  on  the  table,  and  flies  added,  the  decerebnite  frog  captured  tlieiu 
all  in  a  few  minutes,  while  the  normal  frog  spent  all  his  timo  in  trying  to  escape 
from  the  bolder  or  in  a  crouching  position,  apparently  inhibited  fay  fear. 

Tlie  various  analysing  mechanisms  connected  with  sense  receptors  have  also 
been  1  *rHli.se<l  to  a  considerable  degree.    Details  are  beyond  the  space  available 

in  tlicM'  ]ia;;cs. 

A  valuable  general  discussion  of  cerebral  localisation  will  be  found  in  the 
paper  l*y  Graham  Brown  (1916). 

THE  C'KUKliELLUM 

Th»'  iM'st  general  statement  of  tho  functions  of  the  cortex  of  the  cerel>ellum  is 
that  cuntaine<l  in  the  view  of  .Sherrington  (I'JOt),  pp.  J4  7  iM9),  namely,  that  it  is 
the  supi'emu  ganglion  of  the  proprio  ccptor  system.  It  co  ordinates  all  movemouts 
in  relation  to  normal  posture,  in  response  to  information  received,  not  only  from 
tho  muscles  them.selves,  but  also  from  the  labyrinth.  Tts  intimate  iclafion  with 
Beiters'  nucleus^  the  centre  of  the  labyrinth  nerves^  and  with  the  cerebral  motor 
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cortex  is  explicable  on  these  lines.  We  also  uiiilerbtaud  why  the  cerebelluni  if 
ooncerned  with  decerebrate  tontw.  Thla  view  luui  been  found  Obcdoo  UokM 
00  well  adapted  to  explain  the  resulta  of  injuries  to  the  cerBbettuB  M  to  neeiie 

important  confirmation  (see  Holmes,  1918). 

No  rcnctioFi  is  U\  be  obtained  from  electrical  stimulation  of  the  cerrl>ellnr  cftrt^'x 
Ediugcr  had  aircady  suj;«{c»ted  that  it  is  a  chief  senisory  centre,  and  the  work  *A 
Horaley  and  Clarke  (1908)  was  in  agreement  therewith. 

M£MOHY  AND  ASSOCIATION 

Since  no  fresh  neurones  are  formed  during  the  life  of  an  animal,  and  when  tbe 

cell  Ixxly  of  a  neurone  is  destroyed  no  regeneration  fK'cms.  it  will  l)e  obvious  th-it 
any  new  acquirement  in  reflex  or  association  must  Ixj  due  to  the  forrtuition  of  new 
connections  Ijctween  neui-oncs  ah-eady  present.  Memory  thus  implies  the  nuMre 
or  less  permanent  establishment  of  these  oooneetiona  The  possibOiiy  of  db- 
oonnection  at  a  later  pericxl  roust  cleai'ly  be  admitted. 

It  api^ears  that,  in  llif  lower  organisms,  such  as  insects,  a  habit  may  be  formed 
by  long  training;  .s<»  Ihut,  for  example,  they  may  become  able  t<»  find  ih*Ar  way 
to  food  by  a  complex  path.  But  suppose  that  the  arrangement  is  altered  back  u> 
the  simple  one  for  a  time  and  then  the  compler  one,  to  which  the  new  adjastment 
has  been  formed,  is  i-eturned  to.  It  is  clear  that  the  length  of  time  the  new 
acquirement  lasts  can  be  tesi'Ml ;  and  experiments  have  been  made  oh  the  cockroach 
which  show  that  about  half  an  hour  is  the  length  of  time  during  which  tlus 
animal  is  able  to  remember  what  it  has  learned.  * 

In  the  higher  animals,  now  associations  are  formed,  so  far  as  we  loiow,  only  ia 
the  cerebral  cortex.  The  oxperiments  of  Burnett  (1912),  already  r^erred  to^ 
showed  that  decerebrate  frogs  were  unable  to  form  even  the  simplest  associations. 

In  the  lower  animals  th«Mf'  appears  to  l)e  le.ss  centralisntion.  Yerkes 
found  that  an  earthwunu,  which  had  been  caused  to  form  a  habit  of  taking  a 
particular  course,  did  not  lose  tlie  "memory"  when  the  cerebral  ganglia  were 
removed, 

Willi  regard  to  the  gratuitous  intixxluction  of  stu  b  exjtressiona  as  judguMnt, 

or  doci^ioTi  bv  some  sc»rt  of  a  controlling  "mind,  "  wliidi  it  lias  been  thout'ht  br 
some  U)  be  neces.sary  to  intrutluce  even  into  the  interpretation  of  the  phenomena 
shown  by  some  of  the  simplest  nervous  systenjs,  the  experiments  of  A.  A .  AIt>oi-e 
(1910)  on  the  starfish  are  to  the  point  The  oentral  nenrous  system  of  this 
organism  is  in  the  form  of  a  ring,  from  which  a  nerve  passm  ladially  to  each  arm. 
Tf  a  simple  cut  Vm»  made  across  this  ring,  n'»  bn -ik  is  made  in  the  actual  ponsibilirv 
of  ctMitrol  of  «'aeh  arm  by  the  centre,  llic  fact  tliat  tlio  arm  next  the  cut  d<»t>i 
not  CO  ordinate  with  the  others  in  the  righting  movement  proves  that  direct 
nervous  connection  across  the  place  cot  is  necessary  for  **  intelligent "  eo<iperalioo. 
Any  one  arm  can  initiate  impulses  which  alTcct  strong!  v  only  adjaoent  arms  and 
rapidly  decre^we  as  they  travel  from  their  jioint  of  origin.  Yet  this  simple 
mechanistn  is  sutllcient  to  account  for  the  uumplicated  righting  movemente  of  the 
animal  (sec  also  A.  H.  Aloore,  19:!0). 

The  paper  by  Carveth  Bead  (1911)  ntay  be  referred  to  in  eonnectioiL  with  the 
relations  between  instinct  and  intelligence. 

SPEECH 

No  reference  has  been  nuuJc  a.s  yet  to  the  nervous  mecliaiusni  of  s|>eech  and 
those  other  powers^  such  as  reading  and  writing,  which  depend  upon  it. 

Early  in  tlie  evolution  of  social  communit  ies  we  find  means  of  some  sort  for 

the  pur|M>se  of  communication  t»t  signals  of  danger  and  so  on.  But  very  little 
Is  possible  with  inartirirlate  vo^i,,,)^  m,<l  „|,]y  when  articulate  speech,  with  a 

gi*eat  variety  of  words  liaving  deHnite  meanings,  a>mmeuced  that  mental  evolution 
made  rapid  strides. 

For  the  cerebral  centres  and  connections  involved,  the  reader  must  be  lelerred 
to  the  textl>oeks  of  Human  Physiology  and  especially  to  the  mcmogiaph  by 
Mott  (1910). 


Digitized  by  Google 


NERVOUS  SYSTEMS,  PERIPHERAL  AND  CENTRAL  483 


Pio.  149,    Willis'  plate  or  tiik  hasr  of  ntK  human  rniAiN,  snowtNo  the  crawial  mkrvrs  ani> 

THK  ctiii  LK  or  Willis. 

The  following  ih  the  de«cription  given  by  Willis  :  —  ■  , 

A,  A,  A,  A,  Cerebri  quMlriparttti  uiteriorcs posteriorenue.        0, 0, 
lobL  P,  P, 

B,  B,  (Vrofwllnm. 

C.  C.  MedullR  oMotijnitA.  V.  <i*. 
I),  />,  Nervi  oUactorii,  Bive  par  |friiniitii.  H, 
F,  K,  Nen'i  optiH,  n\\v  par  )>i>oiin<1imi. 

P,  y,  Nor^'i  oculoniMi  niotorii,  wvc  |»r  tcrlium.  .V. 
a,  it,  Nervi  OMilomni  iwthctici,  she  |»r  qunrtum. 
H.  B,  Nervonim  jmr  i)iiuitiiiii.  T,  T,  T, 

I,  I,  Nervornni  |>ur  Hrxliiin. 
K,  K,  K,  K,  Nervi  mulitnrii,  et  j-onmi  iitrinmic  l>ini  prt)  V, 
cewiM,  pM*  M-ptimiini. 
I>,L,  {,{,{,  etc,  Par  vafoini,   give   ocUvuni,  plurihua  flliris  W, 
roniitAnM. 

Jf,  Jf,  Nervuii  Hpinaliit,  a<l  ori^rineni  |iarb  va^^  ii 

lonirinqno  ac«f<1in8.  .V. 
S,  S,  Ywt  nonuin,  pliirit>«iN  ftiani  flbriif  foiiHfarin         )'.  )', 

(f\\VK    deoniuin    l<  iHlrnUai,    in    cuti<i>  ni    n,  a,  a,  a, 

tninctim   r<Mlfm-iiril)  ipii    paiilo  siiprft 

proceamm  oocipiliH  enieivit 

(Willis,  H>S«),  I'l.  1.    Drawn  by  Chrisfcnplier  Wren.    See  text,  i>age  484. 


Par  dit  iiniitn  cloonmm  tcmicii*. 
ArtcriacarotidiN  tnirK-iiMabiK-tcwiis,  iihi  in  minum 

anttriorcm  et  ixwf^Tioretii  dividiiiir. 
Kjus  raiiiiiH  int^r  Aurm  rcrt'bri  IoIhw  im-iHlcnii. 
I 'arotiiliiin  ratiii  ant^riortni  tiniti  al>w i-<luiit,  in 

ifTfbri  flfwnrani  iMTt^fnt*"*. 
Carotiiliiiii  rnini  jMiHtorinres  iiniti,  et  Ininco 

vrrlrliriili  ^N-nrreiilit*. 
Artcriat  viTtrbralc<i,  t-l  eanim  Ires  rami  axoen* 

Verti-braliiim  rami  in  eiiiHlcm  tnmcum  coal- 

«lr>i^'iuit)ir,  tilii  art<Tia)  Mrti-lirali**  et 
carntiih'M  iitiiunttir,  et  iilriiHpie  ramiia  ad 
pN'Mim  i-hur<L-ideii  a»<x."iidit, 
Iiifiindiliiiliim. 

I>iiu<  ^laiidiilat  (lotio  iiifundibiilnm  <f>iw<il.'i-. 
ProliilH-ranlia  aiiiiulnriM  ipiai  ^  crrrbrllo  dinii«aa 
medulla  oblongata  raudi(<cm  anipltx-titur. 
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HKTHOD  OF  INVESTIGATIONS 

In  general  termB,  those  methods  have  been  described  incidentally  in  the 
pTvcpdin:^  pages.  They  may  Iw  broadly  dividtxl  int^)  tln)«4e  of  stimulation  and 
tb(i*j('  of  destruction  of  localisetl  aroas.  The  variuus  histological  methods  of 
staining  different  kinds  of  tissue  and  of  degenerated  tracts  are  also  of  importance. 

For  Aocumte  stimulatUin  or  dea^etion  localiaed*  spota  in  the  interior  of 
the  brain,  the  "stereotaxic  instniment*'  of  R.  H.  Clarke  (Horsley  and  CUclEe, 
1908,  pp.  19  39)  is  of  great  value.  This  has  been  recently  improved,  bat  details 
of  the  latest  forrn  of  the  instrument  have  not  yet  been  published. 

The  strychiiHie  method  of  Dusser  de  Bareune  (1916)  was  found  useful  by  him 
in  sensory  localisation. 

.     THB  OBBEBRAL  CIRCULATION 

Before  pa.s»iiiig  on  to  tlie  consideiation  of  certain  questions  relating  to  the 
inDerratkm  of  tiM  viscera  and  the  blood  vessels,  a  few  words  may  be  sMd  as  to 

the  blood  supply  of  the  brain.  As  will  be  seen  later,  there  is  no  adequate  evidence 
that  tilt*  rfmhral  Ncssels  liavo  any  vasomotor  control ;  the  importance  of  the  brain 
is  such  that  its  circulation  is  regulated  by  the  wliole  of  the  rest  of  the  body, 
which  is  caused  to  accommodate  itself,  by  oonstricior  and  dilator  nerves,  to  the 
needs  of  the  brain  (Bayliss  and  Hill,  1B95). 

A  further  interesting  fact  is  the  way  in  which,  in  the  higher  vertebratea^  the 
main  arterial  supply  is  formed  by  cross  connections  between  all  the  four  arteries 
taking  part,  so  that  the  interruption  of  on«'  source  doo^i  nob  d«'privt>  tho  brain  of 
blood.  This  arrangement,  known  as  the  "circle  of  Willis,"  is  shown  m  Fig.,  149, 
which  is  a  copy  of  one  of  Willis'  plates  (1680). 

This  plate  ia  of  interest  for  two  otber  reason*.   It  shows  the  niimwatioo  of  the  cranial 

nervfs  with  which  th«^  name  of  Willis  is  nssof iatcnl,  and  it  was  drawn  for  hina  by  his  fri<  nd, 
CliriHtopher  Wron,  who,  as  is  said  in  the  preface,  "  eruditissiniis  suis.inaiiilNiB  deliu^re  noa 
fuit  gravatos,"  **  did  not  think  it  too  naudi  trouble  to  draw  with  his  skilfol  hsods  **  maay  of 
the  [Aates  in  the  boolc. 

THE  INVOLUNTARY,  OR  "AUTONOMIC"  NERVOUS  SYSTEM 

The  relation  of  the  nervooa  supply  of  the  viswsra  to  that  of  the  muscular  and 
other  skf'lctul  (somatic)  compfments  of  the  organism  was  first  madt'  clear  hv  th*- 
work  ot  (iaskell  (1886  and  1889)  to  which  that  of  Jjangley  (1891  and  onwHrds./ 
added  important  extensions.  Gaskell's  work  on  the  innervation  of  the  heart 
led  him  to  see  that  the  sympathetic  nervous  system,  which  consists  of  a  chani 
of  ganglia  united  by  nerves  with  a  particular  region  of  the  spinal  cord,  is  not 
a  separate  nervous  system,  iiiterchaiigiiig  fibres  with  the  cvrebn)  spinal  syst<»m, 
as  had  Imhti  taught,  but  is  made  up  of  efferent  fiUrcs  ;;ivcn  o<V  by  tho  thoracic 
and  upper  lumbar  segments  of  the  cord.  These  fibres  are  fine  and  raeduliated, 
being  known  as  the  white  rami  oommunicantes.  The  grey  rami  were  shown  by 
Gaskell  to  be  in  reality  peripheral  nerves,  forming  tlie  axons  of  certain  neuronal 
whose  cell  bodias  are  in  the  sympathetic  ganglia.  Their  distribution  is  to  the 
blood  vessels  of  the  ci)rd  and  of  its  membmnas.  Tho  white  rami,  then,  form 
synapses  in  the  symj^>athetic  ganglia,  or  sometimes  more  peripherally,  with 
neurones  whose  axons  are  distributed  to  viscera,  blood  vessels  and  other  orguis, 
which  are  not  under  voluntary  control  but  can  be  acted  upon  reflexly. 

Aooontmg  to  a  remark  made  by  a  ** philoeophic  physiologist**  (quoted  by  C9.  Benmd, 

"Soien<>e  ux|M^rinHiit;\h-.''  p.  1.55),  nature  thought  it  pmdont  to  remove  these  tmportaBl 

phunornctiH  from  tlir  rnpi  ico  of  an  igauraiit  will. 

Tilc  white  rami  of  the  sympathetic,  tlms,  ai-e  identical  in  nature  wiUi  what 
we  have  called  in  previous  pages,  **  association  fibres."  In  other  words,  thrr 
are  eSbrent  nerve  trm^ts  connecting  one  part  of  the  central  nervous  system  with 
anotiier.  The  only  «liffen  ikm^'  from  those  in  the  voluntary  system  is  that  the 
cell  Ixxiies,  or  centra,  with  wliich  tlie  lattrr  form  synapses,  lie  within  the  cerebro- 
spinal system,  while  those  of  the  involuntary  system  pass  out  before  meeting 
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with  the  neurones  with  which  they  are  to  form  synapses.  These  ktfcer  neurones, 
accordingly,  oorrospond  in  nature  with  the  motor  neurones  of  the  anterior  horn 

of  the  oc*rrl,  called  by  Sherrington  the  "final  common  path."  They  differ, 
howpvor,  since  the  axons  of  the  sympathetic  neurones,  the  '* post-ganglionic  fibres^" 
are  iion  uitHlullattKl. 

Further  investigation,  with  this  clue,  led  to  the  recognition  of  two  other 
similar  outflows  of  efflbrent,  ganglionated,  visoeml  nmrves,  one  in  the  Moral 
regioD,  the  other  in  the  cranial  nerves.  These  three  outflows  are  separated  by 
two  gaps,  where  tlif*  TUTve  ploxtiscs  for  the  anterior  and  p(Kf(>i  i(ir  limbs  are  found. 

The  s^'bole  system  in  no  sense  an  independent  central  nervous  system, 
but  an  outflow  from  the  cerebro-spinal  system,  distinguished  by  its  connection 
with  neurones  lying  entirely  outside  the  latter,  together  witii  its  formation  of 
peripheral  plexuses  at  the  places  of  its  distribution.  We  n»y  note  that  it  is 
entirely  efferent.  Sensory  fibres  found  in  some  of  its  nerve  trunks,  such  as  the 
splrtnol\nir«,  are  ordinary  afferent  fibres,  having  their  trophic  centres  in  fho 
tiornal  r<x)t  ganglia,  and  merely  taking  their  course  in  the  sympathetic  nerves 
as  sympathetic  fibres  are  distributed  in  nerve  trunks  of  the  voluntary  system. 

I^iigley  (1^,  p.  241),  in  order  to  obviate  the  oonfusion  which  might  arise  from  oalliog 
the  syinpatbetio  nerves  wlii(^  nupply  the  diclii,  "▼isoeral,"  propoeed  the  name  ''aatonomie,** 

suggeHted  tn  Jiiiii  !iy  Professor  .L  t  h.  "  Tlu-  word  irn]i1i(«  a  certain  <lt  LTfc  of  indep^Midi-nt 
acticNO,  but  exerc'isMl  under  Uie  control  of  a  hiuher  power."  "  The  aatoDoiuio  nervous  system 
means  the  narvmu  system  of  the  glands  and  of  the  involantary  mnsdee ;  it  governs  the 


It  is  necessary  to  be  quite  clear  Uiat  ''autoaomio"  is  a  name  for  the  wholt  of  the  in- 
'rolnntary  nenrons  system,  iWiMfia^  the  sympathetio,  sinoe  some  writeni  abroad  have  used 
the  n.inie  as  applying  to  that  part  of  the  sj'stem  which  is  not  sympathetic.  For  this,  the 
iianjo  **para-syropathetio"  is  used  by  some;  it  bus  its  juMtincation  in  oertaio  peculiarities, 
which  wiUbe  described  in  Cliapter  XXIV.,  distinguishing  the  sympathc^o  from  other  parts 
of  the  system.  GaaksU  prefers  the  nanw  ** enteral"  for  the  non-sympsthetio  part  (1916t 


Although  the  name  "autonomic"  is  a  convsoieut  one  and  has  come  into  gener^  use, 
objection  might,  perhaps,  be  tAkeii  to  it  on  the  ground  that  the  involuntary  system  has  no 
iodependuat  action  at  all,  so  that  tho  word  tends  to  perpetuate  in  some  degree  the  old  view 
of  the  sympathetic  gsnglia  as  nsrvo  centres. 

The  details  of  the  anatomical  arrangement  of  this  system  nrast  be  obtained 
from  the  monograph  by  QaskeU  (1916)  and  the  article  by  langley  (1900).  Some 
of  the  salient  points  only  can  be  referred  to  here. 

As  Giiskeli  points  out  (191(5,  p.  150),  the  unstriped  muscles  of  the  vert<'hrate 
nmy  be  divided  into  ^Toiips  clmnuitcrised  by  their  innervation  and  other  pro- 
perties:— 1.  Vancular.  J..  Those  belonging  to  the  skin.  3.  Those  under  the 
surfiftoe  of  the  gut.  4.  Those  around  the  segmental  duct.  6.  The  sphincters  of 
the  gut.  6.  Those  connected  with  the  adjustment  of  vision.  It  is  found  that 
1,  2,  t  and  5  receive  their  motor  itmervation  fmm  the  sympathetic  and  react 
to  aflrcnaline,  while  3  reacts  to  acetyl  cholino  and  is  supplied  by  the  bulbo-sacral 
outflow  as  regards  its  motor  nerves.  The  sympathetic  supplies  all  Uie  vaso- 
constrictor nerves  of  the  body,  wherever  they  ai^  found,  and  the  accelerators 
to  the  hearty  together  with  iidiibitory  nerves  to  the  intestine,  secretory  nerves 
to  epidermal  glands^  belonging  to  group  2.  Glands  belonging  to  the  endodermal 
system,  gastric  and  pancreatic,  as  also  the  muscles  of  group  are  supplied  by 
the  ent^M-a!  system,  the  bulbar  (vai^s)  outflow,  in  fact.  At  the  two  extremities 
of  the  alimentary  canal,  the  two  sets  of  gland  cells  are  mixed,  as  in  the  salivary 
glands,  so  that  these  organs  are  supplied  both  )yf  the  sympathetic  and  the  entenu 
nervous  outflows,  ^e  bulbar  and  the  saoral  outflows  have  in  common  the  fact 
that,  unlike  the  sympathetic,  the  connectors,  or  assf>eiati<>n  fibres,  do  not  form 
synapspH  with  the  neurones  <»f  their  final  distribution  until  tliis  is  readied.  A 
well-known  case  is  tiiat  of  Auerbach's  plexus  in  the  distribution  oC  vagus 
to  the  intestine.  Similar  plexuses  exist  in  the  bladder  and  other  urogenital 
dgsns  in  the  case  of  the  pelvic  nerves. 

Auerbach's  plexus  is  developed  as  an  outgrowth  from  the  central  nervous  system, 
and  is  n<>t  to  reirird^d  as  a  survival  of  a  primitive  peripheral  nervous  system 
(seepage  367  and  the  paper  by  Miss  Abel,  1909). 


p.  151). 
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SUMMARY 

Tho  object  of  a  n^rvnim  system  is  to  brin^  any  p-art  of  an  organism  '\nU) 
relation  witli  unv  otlirr  i>art,  without  the  necessity  of  diioct  nervous  connections 
from  every  part  to  every  other  part.  It  is  hke  a  telephone  exchange,  where  each 
subscriber  haa  a  oentral  terminiil,  which  can  be  p«t  into  oonoectaoo  with  tliat  of 
any  other  subacriber.  In  the  nerroua  system,  however,  the  channels  which  bring 
in  monaagea  frwn  parts  of  the  body  (afferent  fibres,  coming  from  senae  organa)  ara^ 
as  a  poneral  rule,  diffon>nt  from  those  fibre's  (ffferent)  which  convey  mossages 
outAvurds  to  organs  in  the  Ijody,  wliich  or^^atis  an'  thus  caused  to  perform  some 
kind  of  action  (effectors).  As  l*a\  iov  lias  pointed  out,  something  must  be  sacrifice 
in  the  telephone  system,  dnee  the  same  anbsmher  cannot  speak  to  man  than  ope 
other  subacriber  at  the  same  time.  The  amuigenients  of  the  central  nenrova 
system  are  more  efficient  than  this,  since  the  same  aflbrent  fibre  can  at  timeo  be 
connecte<l  up  with  so\  f>r!d  efFerent  fibres. 

Thcrc!  are  thus  iwo  aspeclH  under  which  tlio  nerve  centres  can  Ix;  studied. 
The  one  is,  for  the  most  part,  morphological  and  consists  in  the  following  out  of 
the  tracts  of  fibres  which  connect  its  various  parts  together.  The  other  oonsiats 
in  the  investigation  of  the  means  by  which  functional  connection  is  eatabiished  for 
the  p<»rformanro  of  dilVerent  co-ordinated  actions. 

There  is  reason  to  suppose  that  distinct  cffeot«irs,  as  in!i'?c1e  cells,  made  their 
appearance  in  the  course  of  evolution  previously  to  nervous  t  issue.  The  receptor, 
in  order  to  increase  the  sensitiveness  to  outer  agencies,  appears  next  in  does 
connection  with  the  eifeotor  and,  aa  it  becomes  neoeaaary  fat  effectors  at  greater 
and  greater  distanoeft  fnnn  the  receptor  to  be  acte<]  on,  thi.s  rcK^eptor  cell  is  pn>> 
longed  in  the  form  of  a  nerve  fibro.  I**iter,  an  adjuster  eel!  is  formed  between  the 
receptor  and  eirccior,  giving  the  opportunity  of  connecting  up  various  receptors 
and  efiectorn  together. 

The  constituent  cells  of  the  lowest  central  nervous  lystems,  aa  that  of  the 
jelly-fish,  seem  to  be  in  direct  protoplasmic  continuity  with  one  another,  forming  a 
true  network.  But,  very  early  in  evolution,  wo  find  that  this  mo<lc  of  connocticMB 
roHst's  and  tlir  iH'}]^.  now  knfnvn  as  "  tieMro7*«i»,"  althouijh  in  functional  continuity, 
arc  .sej>arat«d  from  each  t»thrM-  whero  contaet  takes  pla<'e,  the  sytiapse"  by  a 
membraiiet  which  plays  a  very  important  part  in  the  mechanism  of  the  reactions 
which  take  place  in  nwve  centres. 

The  simplest  of  these  mechanisms  is  that  in  which  two  nenronea  only  are 
eoncerned  :  the  receptor  neurone,  whose  cell  body  is  outside  tlio  nerve  centre,  and 
the  motor  neurone,  \vht>se  cell  V>ody  is  within  the  nervous  ceiitn*,  l)ut  wluw  h^ng 
nerve  fibre,  or  cucow,  ptisses  out  to  some  pei  ipht^ral  ellector  organ,  such  as  a  muscle. 
This  is  a  re/fear  are,  in  which  a  sensory  impression  gives  rise  to  a  mqlior  response. 
It  is  the  functional  unit  of  the  nervoua  aystem,  as  the  neurone  is  ita  anatomleal 
one. 

Even  as  low  as  the  earthworm,  a  new  set  of  neurones  is  to  be  founfl,  asst^rifrfion 
neuroneji,  which  h'f»  entirely  within  the  central  nervous  system.  These  serve  to 
connect  the  neurones  of  une  segment  with  those  of  other  ueguientii ;  although,  in 
this  caae^  they  rarely  extend  h^ond  two  .segm^ts. 

The  progress  of  the  nervoua  centres  in  complexity  and  efficiency  of  integration 
depends  essentially  on  the  formation  of  longer  and  longer  association  neurones. 
Tliesc  form,  as  it  were,  loops,- eonsistin*»  often  of  several  neurones,  which  extend 
further  aiui  further  from  the  original  simple  arc  of  two  neurones,  so  that  the  mmt 
highly  developed  parts  of  tiie  systc'iii,  such  as  the  (M^rebral  cortex  of  the  higher 
vertebrates,  consist  of  association  neurones  only. 

The  neurone  itself,  as  a  cell,  poaaeases  the  general  properties  of  protoplasm. 
The  cell  Ixxly,  containing:  the  nucleus,  consists  of  a  viscous  fluid,  with  numerous 
very  fine  granules  in  su.spension.  In  life,  there  is  no  evidence  of  the  presence 
of  Nissl  bodies  or  neuro-fibrils,  and  there  is  e%ery  reason  to  suppo-se  that  they 
are  artefacts,  as  we  see  them  in  fixed  preparations,  although  the  substance  out 
of  which  they  are  formed  must  have  been  present  in  the  living  cells. 

The  protopksm  itself  does  not  seem  to  be  easential  lor  oonductioii  of  impulaea 
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serving  for  reflexes,  but  probably  acts  as  a  means  of  retoforcing  the  strengUi 
of  disturlwiioea  and  oertidnly,  with  its  nucleus,  acts  as  the  nutritive  centre  ol 

the  neurone. 

Owinja;  to  the  protoplasmic  nature  of  the  cell  bodies,  ncive  rciitnv^  art^  very 
scnaitivu  to  deprivation  of  oxygen.  No  metabolic  pixicess  other  than  oxidation, 
with  evolatioii  of  carbon  dioxide,  has  been  shown  to  be  present  in  the  normal 
activity  of  nerve  centres. 

A  true  nerve  network,  with  central  functions,  such  as  that  of  reflex  action, 
does  not  appear  to  exist  outside  of  the  very  simplest  types  of  nervous  system. 
Tbe  plexus^  of  distrihution  uf  the  nerves  to  suuxith  muscle  and  related  structures 
serve  only  for  conduction,  not  for  initiation  of  impulses. 

The  properties  of  the  gyiuipfic  mmbrmne  are  of  great  importance.  Soch 
properties  of  membranes  as  those  described  in  the  earlier  chapters  of  this  book 
must  lae  shown  i)y  it.  Tlie  p]i»  Ti(Mno!iri  of  fatii^ue,  sninmation,  irreciprocal  conduc- 
tion, excitation  and  iiiliiiiitiou  are  connectetl  with  this  mern!)rane. 

The  u.s©  of  one  motor  neurone  b^'  seveml  receptorp,  brought  about  by  the 
existence  of  these  modifiable  synaptic  membranes,  enables  great  economy  and 
integrative  efficiency  to  be  obtained.  This  is  the  principle  of  the  **fi»al  common 
path  "  of  Sherrington. 

A.1  though,  in  rare  instiinces,  a  retlex  arc  may  consist  of  two  neurones  only, 
receptor  and  motor,  in  the  great  majority  of  cases  at  least  three  are  present,  the 
additional  one  being  a  longer  or  shorter  association  neurone.  The  wb<4e  of 
the  BTCf  with  the  exception  of  the  motor  neurone  (final  common  path),  may,  for 
ccmvenwDoe,  be  called  the  t^trerU  are. 

The  cerebral  ganglion,  or  brain,  is  developed  in  the  anterior  end,  or  head, 
of  an  animal  in  connection  with  the  formation  of  the  elaborate  system  of  the 
"  distance  i-eceptors,''  which  enable  the  organi.sni  to  take  account  of  t>ctcuri*ences 
not  in  immediate  contact  with  it. 

Tbe  reactions  of  the  highest  part,  the  coriex  cerebri,  show,  in  contradistinction 
to  the  reflexes  of  the  .sj)inal  cord,  much  greater  possibilities  of  modifKation  by 
events  elsewhere  and  by  previous  activity.  Inhibitor  v  phenomena  are  esp'oially 
noticeable  and  the  power  of  clianging  excitation  into  iniubition,  and  vice  versa,  is 
a  characteristic  function  of  the  cortex.    Other  properties  are  discussed  in  the  text. 

The  sympathetic  system,  as  well  as  the  autonomic  or  visceral  system  in  general, 
ia  not  aa  independent  nervous  system,  but  an  outflow  or  outflows  of  efferent 
fibrcjs  from  particular  regions  of  the  central  nervous  system.  Its  characteristic  is 
the  presence  of  .synap-ses  with  swonrlary  neurones,  either  in  the  sympathetic  chain, 
or  inoi*e  peripherally;  the*  axons  of  these  second  neurones  are  non  meduliated. 
The  visceral  syston  develops  by  outgrowths  of  chains  of  mUs,  whereas  the  somatic 
syatem  is  formed  by  outgrowth  of  axons  from  cells  in  the  centres. 
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CHAPTER  XVI 


REFLEX  ACTION 

Afi  pointed  oat  in  the  preceding  chapter,  the  reflex  is  to  be  regarded  as  tibe 
functional  unit  of  the  nervous  mechanism.    Its  general  nature  was  described  in 

that  place.  In  exceptional  cases,  sncli  ;is  tlie  kricc  ji  rl:,  ihn  rt*flnx  arc  may, 
npp.'ir(nitly,  conHi^t  of  two  neurones  only,  but,  as  a  general  rule,  tliree  at  least  are 
contained  in  it,  as  in  the  scratch  roUex. 

SPINAL  REFLEXES 

For  the  investigation  of  the  characteristic  properties  of  the  spinal  reflexes,  it  is  ■ 
clearly  necessary  to  obtain  a  pi-eparation  in  which  the  spinal  core!  is  Me[»arated 
from  the  higher  centi*es  and  has  recovered  from  shock.  Sach  an  animal  is  called 
by  Sherrington  the  spinal  animal,  and  it  is  by  his  work  that  the  poasibiUly  of 
maintaining  such  animals  alive  and  healthy  has  l)een  demonstrated.  Nearly  all 
the  resuUfl  to  he  described  below  are  due  to  Sherrington,  whose  portrait  will  be 
found  in  Fii;.  !')(). 

•Sherrington  then  sums  up  the  chief  diiTerenccs  between  conduction  in  nerve 
trunks  and  in  reflex  arcs  as  follows  (1906,  p.  14):    Conduction  in  reflex  arcs 

exhibits  (1)  slower  speed  as  measured  by  the  latent  period  betwem  application  cf 

stinmlus  and  appearance  of  end-effect,  this  difference  being  greater  for  weak 
Btirnnli  than  for  stronisj  ;  (  J)  less  close  correspondence  between  the  rnoinont 
of  cessation  of  stimulus  and  the  moment  of  cessation  of  end-effect,  i.e.,  there  in  a 
marked  'after-discharge';  (3)  less  close  correspondence  between  rhythm  of 
stimulus 'and  rhythm  of  end-effect;  (4)  less  close  correspondenoe  between  the 
grading  of  intensity  of  the  stimulus  and  the  grading  of  intensity  of  the  end-effect; 
(5)  con-sidemble  resistance  to  passn£»e  of  a  single  nerve  impulse,  hut  a  resistance 
CHsilv  forced  by  n  niecessioii  of  impulses  (temporal  summation)  ;  (f>)  it  reversil)iiity 
oi  direction  instwui  of  reversibility  as  in  nerve  trunks ;  (7)  fatigability  in  contrast 
with  the  oomparative  unfatigability  of  nerve  trunks ;  (8)  much  greater  variability 
of  1  je  threshold  value  of  stimulus  than  in  nerve  trunk;  (9)  refractory  period, 
'  bahnung '  (or  facilitation),  inhibition  and  shock,  in  degi-ees  unknown  for  nerve 
tniTiks;  (10)  much  ;:fi*eater  dependence  on  blo<Kl-circulation,  oxygen  (Y»M  w«»rn, 
\V  inierhtein,  von  Baeyer,  etc.);  (11)  much  greater  susceptibility  to  various  dru^ 
aaaesthetics." 

These  differences  are  obviously  due  to  the  passage  through  synaptic  junctioos; 
perhaps,  in  some  cases,  passage  through  the  cytoplasm  of  the  cell  body  of  some 

constituent  neurone  may  play  a  part. 

We  will  ctmsider  some  of  these  in  a  little  more  detail. 

LaUtU  Period. — The  measurements  of  Jolly  (I'JlU)  in  the  case  of  the  flexioD 
reflex  and  the  knee-jerk  have  been  given  on  page  476  above. 

The  more  intense  the  stimulus,  the  shorter  the  latent  period,  so  that  with 
intense  stimuli  to  the  afferent  nerve^  the  delay  nuiy  scarcely  exceed  that  of  the 
condnetion  aloni'  tin  nerve  tnniks  alone.  Tlie  difference  Ijetwet-n  strong  and  weak 
stimulation  may  auiuunt  Ut  ah  uau  li  as  ten  times  or  moi-e.  Tliis  delay  might  be 
due  to  the  time  occupied  in  setting  the  synapse  into  a  state  of  capability  of 
transmission,  but  experiments  by  Sherrington  (11)06,  p.  24)  did  not  support 
this  view.  A  reflex  was  evoked  by  a  weak  stimulus,  with  a  certain  latency; 
the  strength  of  the  stimulus  was  then  suddenly  increased,  and  the  latent 
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period  compared  with  that  of  the  i-eHex  evoked  by  the  same  strong  stimulus 
when  applied  as  an  initial  one.  In  the  first  case,  the  synapse  ha<l  been 
already  prepared,  in  the  latter  case,  not.  The  latent  pericnl  wtis,  indeed,  a  little 
shorter  in  the  former  case,  but  not  sutliciently  so  to  give  any  sup|>ort  to  the  view 
mentioned. 

The  delay  must,  therefore,  bo  chiefly  in  the  actual  transmission,  and  not  in 
making  the  synapse  conductive,  nor  in  an  amoeboid  movement  of  prutoplasmic 
processes  into  contact  with  each  other. 

Incidentally,  the  fact  shows  the  importance  of  the  cutting  off  by  inhibition  of 
impulses  which  are  not 
wanted,  since  the  channels 
to  the  final  common  j>ath 
on-  the  efferent  side  seem 
to  be  always  open  ;  no 
preparation  is  needed. 

Tlie  latent  time  of  a 
reflex  inhibition  is  no 
longer  than  that  of  an 
excitation. 

Aflei'-DUchanje.  —  The 
.  discharge  from  a  reflex 
arc  does  not,  as  a  rule, 
cease  when  the  stimulus 
ceases,  often  lasting  for 
five  seconds  or  more.  The 
duration  is  proportional  to 
the  intensity  of  the 
stimulus.  With  a  weak 
stimulus,  the  response  may 
not  appear  at  all  until 
aftl^r  the  actual  period  of 
stimidation  has  passed. 

The  after-dischargo  can 
be  cut  short  sharply  by 
an  inhibitory  influence,  as 
shown  in  Fig.  107  (page 
388).  This  rapid  arrest 
is  an  arrangement  for 
successive  interchange  of 
reflexes.  It  prepares  the 
neurone  for  another  stimu- 
lation. 

Summation.  —  Al- 
though,  as  we  have  seen, 
there  is  a  phenomenon  of 
this  kind  to  be  met  with 
in  the  case  of  nerve  itself, 
it  is  of  a  limited  kind  com- 
pared with  that  shown  by 
reflexes.  A  scratch  reflex  oinnot  Ix)  elicite<l  by  a  single  induction  shock,  however 
strong.  On  the  other  hand,  very  feeble  shocks,  if  they  follow  one  another  at  not 
too  short  intervals,  sooner  or  later  evoke  a  response.  In  one  case,  no  effect  was 
)iroduce<I  until  after  forty  four  shocks  at  eighteen  per  second  ha«l  Ix^en  app1ie<^l  to 
the  skin. 

The  flexion  reflex,  that  is  flexion  of  the  knee  produced  by  nocuous  or 
electrical  stimulation  of  the  skin  of  the  foot,  differs  from  nearly  all  other  reflexes 
by  Ijeing  eKcitable  by  a  single  shock. 

Fcunlitation. — This  word  is  use<l  by  Sherrington  as  a  tran.slation  of  "  I5ahnung." 
One  aspect  of  the  phenomenon  is  the  summation  mentioned  in  the  preceding 

i6a 


Fn!.  I.IO.    PiioTtKiRAni  of  C.  8.  Siierrinoton. 

(From  a  negative  in  the  possession  of 
Mrs  Sherringttin.) 
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{»aragraph.  It  is  also  to  be  neeo  in  the  fact  that  when  a  reflex  produced  from  tvo 
diflbrent  leceptors  employs  the  eame  final  oommcni  path,  diaaltaaeonB  aoplioetiaii 
of  stiinuli  to  both  receptors  evokes  a  Uirger  reBponfle  than  if  applied  to  mtoer  alone. 
This  may  also  be  called  reinforcement,"  and  plays  an  important  part  in  the 
behaviour  of  an  orgaiiisni  to  the  various  ntimuli  playing  upon  it  at  one  time. 
These  couibiuations  of  bliiuuli  form,  as  ^herriiigU>n  puts  it,  "oonstellations  of 
stimuli."    It  must  also  be  renaembered  tliat  a  reflex  not  only  takes  pua.«iession  of 


FlU.  Ifil.     bCMMATiON  Xrr£CT  (1MH£1>LATK  SrUtAi.  INDUCTION)  BKTUKKN  TUV  ARCS 
ifa  AND  /f/t  OF  TRS  MAORAM  OIVKK  VgL  FlO.  140  (pagO  476). 

fVr  MyoKnun  of  the  flexor  mude  or  the  fal|k 

Stt,,  Si»mal  iiiArkint;  |ierio(l  of  Htinmlation  of  the  skirt  belon^n^'  to  an-  ffa  ol  the  draoklflr  ikfn.  The  ftrtflflll 

oJ  the  Ktiiiiiiliis  is  Riihiiiininial,  so  thftt  Ihtre  is  no  reflex  r««}tuii>«e. 
'Syi  Si)puU  markiitK  Htiinulation,  qIno  mbaiifiinuil,  of  •  point  o(  the  shoulder  Hkin  8  cm.  from  ilou 

TbtM^  the  two  atimuli  enpliMl  eenntely  are  eftdi  ttoeble  |o  ««oko  the  rHIex,  when  evplicd  oontenoar- 

aneou^y  the/  i]iikik|sr  evoke  the  reflex. 
The  two  arcs  ita  and  ff^,  thorvfore,  reinforce  oar  h  ntht  r  in  Uieir  ortion  on  tlu  niial  path,  FQ, 

Tunc  iu  lifUu)  of  iM.>(-«nwl.i.    Uea<l  from  left  to  rif^lit. 

(Shorriogton,  190<i,  pp.  119  and  121.) 


certain  final  oommon  paths,  bnt  aliio  of  those  whoae  mnacles  would  oppose  thoiie  ol 
the  reflex  itself.   It  inhibits  the  opposing  neurones  from  being  set  into  action  by 

other  refl<\>c('s  at  the  same  time. 

/»w/»M:/ioif.— Closely  allied  to  t!in  prccfding  are  the  phenomena  of  induotion. 
If  the  receptive  skin  ui-ea  for  tho  .sciMtch  i-eflex  is  stimulated  at  one  point  with 
sabntinimal  intensity,  a  reaction  may  be  evoked  if  another  point  in  tiie  sune  arpa 
be  stimulated  at  the  same  time,  also  with  subminimal  intensity.  Such  rmnforoe- 
ment  is  called  by  Sherrington  (l^Ofl,  p.  120),  immedialU  sj/iruU  indu^ian  (flse 
Fig.  151).   It  appears  that  both  atimuli  act  on  the  same  set  ol  neurones  oomposiiig 
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the  final  common  path,  and,  indeed,  on  the  whole  of  the  motor  neurones  of  which 
it  consLsts.  This  is  shown  by  the  fact  that  two  weak  stimuli  may  be  made  to 
alternate  with  each  other,  each  stimulus  of  the  one  coming  between  those  of  the 
other.  If  they  acted  on  diHeient  neuroneji,  signs  of  two  rhythms  should  a{)pear  in 
the  muscles  of  the  leg.  There  is  not  oven  a  break  or  interference  in  the  rhythm 
of  the  first  reflex  when  the  second  is  added,  although  the  amplitude  may  be 
increased.  The  result  must  be  due  to  the 
refra<-tory  state  indui-ecl  by  each  of  the  fiiNt 
series  of  stimuli,  and  in  the  same  neurones 
(see  Fif;. 

This  inmiediate  induction  only  occurs 
between  allied  reflexes,  which  will  be  re- 
ferreil  to  again  later. 

Shccms'h^.  Iiuluclxon^  on  the  other  hand, 
is  of  a  diflferent  nature.  Suppose  that  we 
excito  an  extension  reflex  in  one  leg  by 
appropriate  stimulation  of  the  opposite  leg 
and  with  such  a  strength  of  stimulus  that 
the  reflex  is  a  small  one.  This  is  done  at 
regular  intervals  antl  the  reflex  is  found  to 
be  very  constant.  In  one  of  the  intervals, 
a  strong  and  prolonged  flexion  reflex  is 
exciteil  from  the  limb  itself.  After  this, 
the  extension  reflexes  are  increased  l>oth  in 
height  and  in  duration,  the  effect  gradually 
pa.ssing  off  (Fig.  153).  During  the  flexion 
i-ertex,  the  extension  arcs  were  inhibit^nl 
and  the  phenomenon  is  the  same  as  the 
"rebound,"  referre<l  to  under  the  head  of 
inhibition  above  (page  422).  This  exalta- 
tion, after  a  period  of  inhibition,  is  not 
shown  by  merely  removing  the  exciting 
stimulus,  so  that  it  is  not  due  to  rest. 

It  will  be  cUyir  that  the  increased  excit- 
ability prwluced  by  onfe  reflex  for  its  antago- 
nist reflex  plays  a  part  in  the  mechanism 
of  such  alternating  movements  as  those  of 
stepping  or  locomotion. 

/rreiTrsibility  of  Direction. — It  is  a  well- 
established  fact  that  nerve  fibres  conduct  in 
both  directions.  The  experiments  of  Bell 
and  Majendie  showed,  however,  that  stimu- 
lation of  the  spinal  end  of  a  motor  root  gives 
no  sign  of  reflex  nor  of  sensation.  Similar 
results  of  Gotch  and  Horsley  have  been 
inontionetl  above  (page  475). 

The  experiments  of  Vi'szi  (1909)  showed 
that  fatigue  of  the  reflex  mechanism  could 
Mot  be  obtained  by  stimulation  of  the  axons 
of  the  motor  neurones,  and  those  of  Frolilich 
(1909,  2)  showetl  that  the  same  thing  applies 

to  the  simple  reflex  arc  of  the  stellar  ganglion  of  the  Cephalopod.  While  fatigue 
of  this  ganglion  can  i*eadily  be  produced  by  stimulation  of  the  nerves  proceeding 
to  it  from  the  cerebral  mass,  it  cannot  be  fatigue<l  by  stimulation  of  the  motor 
nerves  which  it  gives  oflf  t*)  the  muscles  of  the  n>antle. 

We  have  seen  when  discussing  the  properties  of  the  true  nerve  netw(»rk  of 
Medusjc  that  excitatitm  pas.ses  in  all  directions.  It  ap|)ears  from  fixed  preparations 
that  the  *' neun)-fibrils "  are,  in  this  case,  c<mtinuous  from  one  cell  to  another, 
and,  although  these  are  probably  artefacts,  the  fact  of  their  continuity  suggest* 


Fio.   152.     Abskhcb  of  chanok  o> 

RHYTHM  WMKN  I'LACK  AM)  RATE  OP 
8TIMlTU\TION  ARK  CHAN«lKn. 

Soratnh  reflex  difiU'd  from  two  Hkin  poinU,  A 
nml  B.  The  itoinf.  A  jravo  the  "low"  fonii 
of  reflex  ;  B  the  "  hi^h  "  fomi. 

The  internal  between  the  stimuli  at  n  much 
8hort4>r  than  at  A.  The  ^lnu  rate  at  A  ia 
niarkixl  Iwtwei  n  the  si^ial  hiiei*. 

Time  in  (Ifthx  of  seeond.s  almve. 

Note  the  abnonce  of  any  nign  of  iiiterferencr  of 
rhythm  when  I  he  m^-oml  nerien  f>f  NtiniiiH 
comes  in  ami  when  the  (Irxl  in  i  iit  off. 
Henee  alt  the  neiironeH  of  the  final  (Ntmnion 
\xktYi  niiHt  have  l>een  artive  in  both  (useH. 

(Sherrington,  Um,  I,  p.  12.) 
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that  the  eubstanco  from  which  they  ariae  ia  coqUhuouh  and  not  broken  by  a 
synapse,  aa  in  the  higher  forms  of  '*  polarise^l "  norvo  centres. 
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1%  would  be  premature  to  attempt  an  oxplanatiun  of  why  the  synaptic  membrane  is  per- 
meable to  excitation  in  one  direction  only.  It  may  l>e  that  it  is  jx-ritwahle  to  one  ion  only  of 
an  elect nilytioally  (]i.ss<K-iat«d  colloid,  in  the  way  described  on  jiage  141  fpr  the  system  uf 
Congou-red  aixi  (tarchnient  paner.  In  nuch  caaoB,  an  eleotrioftl  current  can  only  pMS  in  one 
direction.    But  further  knowle<lge  is  needed. 

Ji'fiiu  tory  Phase. — This  characteristic  property  of  muscle  and  of  nervo  trunks 
liaa  been  deMsribed  above.    In  many  reflexes,  such  as  the  scratch  rctlex,  it  is 


Fi<i.  154.    Kkcipkocal  I^^l:.uvA.lON  or  tii£         Mi-bt'Lis;H,  au>  KotNO 
«D  DvoABraa.— Gntflohoven'a  akvUdi  to  ilfautmte  IXnoartei^  dasorii  tioo. 

»  (Descartes,  1677,  p.  15.) 

very  marked.  This  reflex  consists  of  alternate  flexion  and  extrnsiun  at  a  rate 
of  about  four  times  per  sccoiiil.  This  rate  is  in(l»>jKMi(l(  nf  of  tlic  fi-equencj' of  the 
Btiinulation,  so  that  it  is  tlie  samo  when  the  stiinulus  is  a  constant  current. 
High-frequency  currents  are  also  very  eflfective  (Sherrington,  1906,  pp.  48  and  49). 
Alteratloii  in  strength  ol  atiinulas  hat  no  eflfeet  on  the  rate  of  disdiat^  Suppose 
tliat  the  stimuli  are  applied  at  the  rate  of  one  hundred  shocks  per  second,  n  is 
dsar  that  the  greater  number  of  these  must  be  innffeotive;  in  other  words,  they 
fUl  in  a  rt^fiaotory  period. 

We  have  ah*eady  seen  that  the  reflex  arc  in  thiii  case  cuusists  of  at  least  three 
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neu^oni^s,  in  addition  to  the  muscle  fibre  at  one  end  and  tfie  reoeptor  organs  to 
the  skin  at  the  otiier  end.  Where  in  tliis  scries  are  we  to  place  the  seat  of  the 
refractory  j>cri(xl?  Now,  when  the  motor  neurones,  ma<]e  use  of  by  this  r«'t1««x, 
are  excited  fur  a  dili'orent  retlex  from  receptors  in  the  le^  itself,  this  refraclorv 
phaflo  does  not  diow  itself ;  the  flexion  I'eflex  is  a  steady  one.  We  can  exclude, 
tberafoce,  the  motor  neurones  of  the  final  common  po^h,  aa  well  aa  the  mnadeB 
thonaelves.  We  have  setni  alx)ve  that  there  must  be  some  meehaiiiam  conimoo 
to  impulses  sttirtetJ  at  two  dilTerent  spots  in  the  receptive  area»  even  wlien  they 
are  10  cm.  apart.  There  is,  further,  no  evidence  that  there  i.s  any  direct  con- 
noction  between  receptor  neurones  themselvea;  there  is  only  tiiat  due  to  their 

synapses  with  olAsr  nsimmet  oommon  to  both 
receptors.  The  ooncluaton  is  that  the  refractofy 
peri«xl  must  1x5  in  sfime  neurones  f»n  the  afferent 
side  of  the  motor  neurones  of  the  tinal  comraoo 
path,  a  conclusion  whicii,  indceii,  seems  to  be 
necessary  for  the  proper  working  of  the  reflex 
mechanisms;  sinee  the  rhythmic  movement  of 
•oratdiing  would  not  do  for  the  other  reflex in 
which  the  same  motor  neurones  take  parb.  It  is 
interesting  to  note  that  the  rate  of  the  rhythm  is 
almost  identical  with  that  observed  by  Gotch  and 
Bnreh  (1896)  in  the  discharge  of  the  electrical 
cell  of  Malaptemras. 

RECIPROCAL  INNERVATION 

When  there  are  two  spts  of  muscles  acting  oiT 
a  movable  organ,  such  as  the  eye  or  a  part  of  a 
limb,  in  such  a  way  that  they  antagonise  one 
another,  it  is  clear  that,  for  the  effective  per- 
formance of  a -particular  reflex  moremait^  any 
contraction  of  the  muscles  opposing  this  move- 
meflt  must  be  inhibited.  Further,  the  inhibition 
of  the  one  group  must  proceed  jxiri  ^hvshu  with 
the  excitation  of  the  other  group  to  ensure  a 
well-controlled  and  steady  motion. 

This  fact  was  obvious  to  Descartes  (1677),  and 
Figs.  ir)4  and  155  are  taken  from  his  treatise 
"De  rilomme." 

The  history  of  this  work  is  of  acme  interest.  Kefer- 
eooes  are  umially  made  to  the  Latin  tnuislsiion,  **De 

Honiitic,"  hut,  happeninc  to  come  into  ]K)s-^»  >sjr»n  of  an 
edition  in  Frunch  brought  out  by  Descarteu'  Irieod  and 
diflciple,  Clerflelier,  I  wondered  why  the  original  French 
manuscript  of  the  author  had  been  translat»'<l  into  I-itin 
and  then,  auparontly,  back  again  into  Frvoch.  On 
investigation,  I  found  that  Deecartes,  having  the  fate  of  O^leo  before  him,  was  by  no  meaiM 
de.><in)U8  of  offendinjj  thr  wclosiastioal  authurities,  so  that  th»'  work  n-maiiKHl  unj)uhliNhfd 
at  his  death  -      -  - 

translated  into 
tliis.  haxtcned 

l(i77,  he  apologises  fur  some  errors  which,  owing  to  the  hurried  publication  of  the  tirst  edition, 
hod  crept  in.   So  that  his  aeoond  edition  appears  to  be  the  meet  aooniate  rapreseotatioii  of  the 

original. 

DescartcH  left  Rome  extri-imly  rouph  sketches,  one  of  which,  as  copie<l  by  Clerselicr,  "with 
hie  best  ability,"  an  ho  Miys,  is  ^i  ven  in  Fie.  \55.  The  figures  with  the  letter  (<  at  the  DOttoaiv 
repnubuHHl  in  Fig.  154,  are  by  a  M.  (iut-scnoven  of  Ixjtivain.  Clentelier  made  the  ac(|unii)tAnrf 
of  thi.s  ^cntlentun  and,  finding  him  to  he  thoroughly  familiar  with  the  views  of  DeHcartv.s  I  ruin 
his  conversations  with  the  philosopher,  comnii.ssioned  him  to  draw  more  Bgures  in  onh-r  that 
the  text  should  be  more  easily  understood.  A  further  series  of  drawings  Mere  obtained  fn>ni  \ 
M.  de  la  Forge,  whose  notes  were  aIi<o  added  to  the  book.  I  hnve  not  thought  it  necessary  t^- 
reprodoce  M.  de  la  Forge's  figure. 

The  deseriptioo  of  we  figures  is  sufficiently  interesting  to  give  it  in  Deaoartes*  own  wocdt 
and  I  think  that  it  mnst  be  admitted  that  Gatsdioven's  diagram  makes  then  more  intelli^Ue : 


Kio.   15ft.     DncARTBS*  Bonou 

SKICTCII  OK  TltK  IMKBETATIOM 

or  THK  KVK  Mrsci.ra. 

(iJescarteH,  1077,  p.  Iti.) 


itjiivtiiif^    111'-   ti^»,iT-,-Mii:'i  11  .11   ii  11 1  111  11  1 1  ten,  MMiv  Hi'     vi</irv    1 1  iiii»iii<.'«i    UII  |  >u  i  UlNnCU 
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to  pulilislj  the  original  brench  manuscript  in  Paris.    In  the  second  e<litt  »n. 
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Voy«B aprto  eds  oonniient  In  taysa,  ou  petit  n«rf,  bf,  se  ▼»  rendre d«m  1e  muiele  D,  que  je 
•oppose  eKti»!  I'nn  de  ceiix  <|ui  nipuvent  I'oeil ;  «*t  mrnniPtit  y  r^fjiiit  il  «e  div  i  o  eii  plusieurs 
branches,  compuH^  d'une  pesu  lauhi),  qui  ae  pout  eleiidre,  uu  elargir  et  retrocir,  aelon  la 
quantity  des  EimntB  AttinuMix  qai  y  eutiBuU  o«  qai  en  ■orient;  at  dont  \m  raiwaam  m  Imt  ibrea 
eont  tellement  <1is|M»N^e^,  fjue  lors  tjue  les  K^pritj^  Aiiimaiix  entrent  dedans,  ils  font  ijue  tout  le 
'  oorpti  du  muscle  s'cutie  ei  s'acouurvit,  ut  ikiiuti  qu'il  tire  i'oeil  anquel  il  eat  attache  ;  conime  an 
oontraire  \(x%  qn'ila  en  reaaortent  ee  muscle  se  daMofle  at  m  raltoage. 

"  IX-  pIiiH,  voyez  qu'outre  le  iuviiu  li  f,  il  y  en  a  eiirore  un  autn\  \  svAvoir  e  f,  par  oii  lea 
Eapriis  Animaux  peuvrat  etiirerdants  muKcle  I),  et  lui  autrei  a  sga voir  d  g,  par  ou  ils  en 
penvent  aortir.  Et  qne  toutde  mesnie  lo  muHole  K,  (|ue  je  rappoaa  aerrir  imonvoir  Foeil  tout 
an  <-«iTitr;urf-  du  pn'cedetit,  revolt  le«  Ksprit«  Aniitmux  du  wrvf»a«  par  !c  tuyau  c  g,  et  du 
mu«cle  1)  ^)ar  d  g,  ot  lea  renvoyo  vers  D  par  o  f.  Et  pensoz  qu 'encore  qo "d  n'y  ait  aucun 
pMaage  evidBnt,  par  oO  lefl  eaprit«  contenus  dans  lea  deux  muaelea  D  at  Ky«B  pnaneiit  aortir,  ai 
w  n%-.st  pour  eiitn-r  do  Tun  dan.s  Tautru  ;  touti-.sfois.  parcc  tjiie  IfMirx  parttt's  ^nt  fort 
petites,  et  mesnie  qu'ellea  Hubtilieeiitttans  cM&m  de  plus  cu  pluH  pur  la  force  de  leur  agitation, 
il  a'en  ^hap|>e  touaioinv  qnetquea-uma  au  travcrs  lea  fieaux  etrdea  chaira  d«  oea  nuaclM,  iihhs  • 
qn'en  revanche  il  y  en  revient  touaioura  auaai  queltiues  autrea  par  lea  deux  tuyartx  h  f,  c  g. 

**  Enfin  voyes  qu'entre  lea  deux  tuyaux  b  f,  e  f,  il  y  a  uno  oertaine  petite  pmu  H  f  i, 
qui  acpare  cea  deux  tu^ux,  et  qui  leur  aert  comme  de  (Ktrte,  la({uelle  a  deux  repliH  H  et 
i,  tellement  diapoac7.,  que  lors  que  lea  Kaprita  Animanx  qui  iendeni  )i  deacendre  de  b  vers 
H,  ont  plua  do  force  que  ceux  qui  tendent  k  montar  d*e  tvra  i,  ila  abbaimcnt  ei  on  v  rent 
cetle  p<^-au,  donnant  aini«i  movon  ii  c-eux  qui  aont  dana  le  muacle  K,  de  coulcr  trea  prompte- 
meat  avec  eux  vera  D.  jJaia  lora  que  oeiuE  aui  tendent  i  luonter  d'a  vera  i  aont  puis  (orta. 
on  iettlement  Ion  qn'fla  aont  soaal  lorta  que  lea  antrea,  ila  liaaawnt  et  fsnnent  oeda  peau  H 
f  i.  et  ainsi  s'empoclienl  enx-niesna's  de  sortir  hors  du  mueclo  E  ;  an  lieu  n'oiit  jtaa 

de  part  et  d'autre  aa^ex  do  force  pour  la  pooaaer,  elle  demeore  nainreUemeut  entr*  ouverte. 
Et  enfin  one  ai  qnelquea  fois  laa  eaprita  oontenvs  dana  le  nraaole  D,  tendent  k  «n  aortir  par 
1)  f  p,  <-\\\  a  f  b,  1«  rt  ]ily  H  ae  pant  tend  re,  etleiit  i  ti  1  in  li*  r  le  passage.  Kt  que  tout  do 
meanie  entre  lea  deux  tuyaax  o  gt  d  g,  il  y  a  nne  petite  pi-au  ou  valvule  g,  semblable  4  la 
prteedenle,  qui  dememre  natareUenMNit  entr*  onTetta,  et  qui  pent  eatra  fermte  par  lea 
esprit^  <j"i  vicririf  nt  du  hiviiu  d  g,  et  ouverte  par  ceux  qui  viennent  d  '  r  c:. 

**£n  suite  dequoy  il  est  aiae  k  entendre  que  ai  lea  Eaprita  Aniniaux  uui  sout  dan^  le 
oarvaan  ne  tendent  point,  ou  pr^oe  point,  a  coaler  par  lea  tayaax.  b  f ,  c  g,  lee  denx  petitea 
pcjiux  riu  valvule«j  f  ft  g  demeurent  entr'  ouvert<-f<,  et  ainai  que  lea  deux  muacIea  I)  et  E, 
aont  l&chea  et  aaim  actiua ;  dautant  que  lea  KapritM  Animaux  qu'ila  oontienneot,  paaaeai 
lilmnnant  de  Tun  dana  I'autre,  prenant  leur  ooura  d'a  par  f,  vera  d,  at  raeiproquament  da  d 
par  g  v»?rs  c.  >trti''  hi'  le«  espritJi  qui  Bont  dan«  le  cervean  t<>ndent  a  entrer  avec  ijuelque  force 
dana  lea  deux  tuyaux  b  f,  c  tf,  et  que  eette  force  tioit  egale  dea  deux  cuHtez,  ila  ferment  auaai- 
.*  toet  lt«  deiuc  poHBgea  g  et  f,  et  enflent  lea  deux  musclea  D  et  K  autant  qu'ila  paavent*  leiur 
^aant  par  ce  moven  t.enir  et  nrreater  I'oeil  ferrrie  en  la  aituation  tiu'ils  le  trouvent. 

**  Puia  si  ceH  f'^.'^firita  qui  viennent  du  oerveau  tendent  k  eouler  avcc  plus  de  force  par  b  f 
.qne  par  c  g,  ila  ferment  la  pottta  pemt  g,  et  ouvrent  f,  et  ce  plua  ou  moina,  aelon  qu^ila  agi»aont 
plus  ou  moina  fort ;  an  moyen  de  quoy  lea  Eaprita  contenua  dana  le  mruacle  E  ae  vont  rendre 
dana  le  muacle  D,  par  le  canal  e  f ;  et  ce  plua  ou  nioina  viste,  aelon  quo  Is  peau  f  eat  plua  ou 
moina  ouverte :  .Si  bien  que  le  muacle  D,  d'oii  cm  eaprita  ne  peuvent  aortir,  a'accourcit,  et  E  ae 
rallonge ;  et  ainai  I'odl  est  toum^  vera  D.  O^mme  an  contraire,  ai  lea  eaprita  qui  aont  dana  le 
eerveau  tendent  k  coaler  aveo  plua  de  force  par  c  g  que  par  b  f,  ila  ferment  la  petite  jpeau  f,  et 
ouvrent  g  ;  en  sorte  quo  let<  eHpritn  du  muscle  I)  retonment  auaai  toat  par  le  Canil  d  g  dans  le 
moade     qui  par  oe  moyen  s'acoourcit,  et  retire  Toeil  de  son  ooat^ 

**C>ir  vooa  afsvec  bi«i  qae  cea  I'^aprita,  eatant  oomme  nn  vent  on  nne  ilanime  tree  aabtile, 
oe  peuvent  nian(juer  de  cttuler  tres  proniptenient  d'vui  muscle  dauH  rtiutre,  ai  toat  qu'ils  y 
troavent  queltiue  passage  \  encore  qu'il  n'y  ait  aucune  autre  puiaaaiice  qui  lea  v  porte,  que  la 
aento  inelfnatKm  qn'ila  ont  i  ooniinner  leur  monvemeot,  raivant  lee  loix  de  la  Natare.  St  von^ 
fu^avez  outre  cel  l,  f|nV'7U'<)re  (jn'il.s  soient  fort  nuibiles  et  aubtila,  ila  ne  laiaaent  paa  d'avoir  la* 
force  d'enflcr  et  de  roidir  lea  muaelea  oU  ila  aont  eofermez ;  ainai  que  i'air  qui  eat  oana  uu  balou 
la  dnrdt,  et  fait  tendte  lea  praax  qai  le  eontieoDent.'*  (Cleraeller'a  edition,  pp.  15-20.) 

It  will  be  remembered  how  Descartes  looked  upon  the  material  bodies  of  man 
and  MUDUtlfl  us  pore  macfainn,  wing,  in  Ims^  the  void  itwlf.  In  man,  this 
macAiine  is  made  use  of  by  the  soul,  which  enters  into  relation  with  it  at  the 
pineal  gland.  Other  animals,  which  have  no  souls,  are  tlicn-fore  nothing  but 
marhinps,  1^k>  eries  made  by  a  do^^  when  injured  are  no  more  than  the  noise  made 
\>y  a  rDachino  when  a  part  of  it  breaks  off  and  gets  into  the  wheels.  The  object  of 
the  Traite  de  rHomme"  is  to  show  how  the  working  of  the  human  body  can  he 
explained  on  purely  mechanical  principles.  Acoordiog  to  Stensen  (Steno),  who 
lived  from  1631-1686,  and  whose  name  is  familiar  in  the  denomination  of  the  duct 
of  the  parotid  gland,  Descartes  did  not  pretend  to  expound  the  actual  strueturr  of 
man's  body,  but  to  descril>e  a  machine  capable  of  performing  all  its  functions 
(quoted  by  Foster,  1901,  p.  62). 

It  will  acarcely  eacape  the  notice  of  the  reader  how  uloaely  the  method  of  description  ot  the 
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innervation  of  the  eye  muncleii,  as  givtin  by  Deacarieit,  approaches  the  "dnvinage"  views  of 
Uaodougall  and  von  Uexktill,  if  we  read  "nouriu,"  " norvo-encrgy,"  "lunua"  or  "excitation'* 


in  phice  of  "  Kspnls  Animnux.  Diu  tsscntml  (lifr«.rfnc«  Iwtwoon  the  prt-sent  view  of  recipro- 
cnl  mncrvatiun  and  that  of  l)i  sr.irt««  is  th.it  lli..  IftH.-r  |,Kuf«l  tl>e  mechanism  in  peripheral 
•Uucturea,  whereas  wc  know  now,  \>y  f.rjM  rino  nf,  ih;it  it  in  in  thr  nerve  centre*. 
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Althon^h  thin  ri'dprncal  rdatioaof  onUgunistjo  nuaolei  wm  fw«»ent  to  the  minds  of  variooi 

previous  pny8i'i!Mj;i^Ls  in  a  c-ortiiti  wny,  an  fur  f^Mimplf  to  Moltzcr  (1883,  pp.  215-216),  it  waa 
not  until  the  wurk  oi  Sherrington  (ll$9i»  etc)  Uiai  our  knowledge  of  the  mechanism  became 
clear  and  daaoito. 

Tho  pheuouicnon  is  shown  in  a  atriking  way  in  Fig.  156  (from  the  paper  by 
SMMrrington,  1909,  3,  p.  260).  The  eztenaor  miiflcle  of  tluB  knee  (vastCM^rareuaX  in 
a  decerebntie  cat,  is  isolated  and  omnecfced  to  a  tracing  levBr>  nmilarly  the  flexor 

(setni  tcndinftsus).    These  muscles  art'  (v»nnecte<i  t»j  thf  norve  centres  by  their 
n»'j-ves,  \mt  tho  connections  of  all  other  muscles  which  might  cause  movement  of 
tlie  levers  are  severed.    Tho  lower  one  (c)  of  the  two  signal  lines  at  the  botto  ti 
of  the  figuro  indicates,  by  its  rise^  stiiuulatjon  of  the  oentral  end  of  an  afferent 
ncrvo  of  the  leg  of  the  opposite  side  (oontnhhteral  peroneal)  and  the  upper  signal 
(i)  marks  stimulation  of  the  corresponding  nerve  of  the  leg  itself  under  observation 
(ipsolateral).     B  marks  tho  myograph  tracing  of  the  extensor,  f  that  of  the 
flexor.    The  lever  attached  to  the  extensor  writes  a  few  millimetres  to  the  right 
of  ihe  lever  attached  to  the  flexor.     As  the  preparation  was  decerebrate,  the 
extenaor  muscle  was  in  tonic  oontraction,  bat  not  the  flexor,  since  deoerebrmte 
toniis  aflfects  the  muscles  of  posture  only  (Sherrington,  1906,  p.  302),  which 
counteract  gravity.     Tlie  first  stinnilntion  is  that    of   the  ip.selnter?i!  nerve, 
wliifli   pHnhices  a  flexion  reflex.     Tn  this  reflex  we  we  that,  along  with  the 
contraction  oi  the  flexor  mwtcle,  there  is  a  marked  inhibition  of  extensor  tone, 
followed  by  m  rebound  (suooessive  spinal  induction)^  as  desoribad  above.   In  the 
third  Htimulation,  that  of  the  contralateral  nenre,  producing  extension,  inhtbi^on  of 
the  flexor  cannot  show  itself  on  account  of  the  fact  that  the  muscle  is  already  in 
a  stjito  of  relaxation,  but  it  can  be  shown,  indirectly,  that  tl»e  centres  art 
iuhibiteil,  as  by  the  middle  tracing  (see  description  of  figure).    It     clear  that  the 
afferent  nerve  lihres.proceed  to  the  motor  neurones  of  both  the  antagonist  nrascloB, 
bntv  while  exciting  the  one,  they  inhibit  the  other.    Examination  of  the  figvrss 
will  show  also  tliat,  in  the  rebound  contraction,  sudden  inhibition  of  the  flexor 
contraction  coincides  with  excitation  of  the  ext<]!nsor  Tniis<«le 

Simihir  phenomena  are  observed  in  the  movements  of  the  eye  brouglit  alwjut 
by  stiinuiation  of  the  cerebral  cortex  and  in  movements  of  tlie  limbs  produced  in 
the  same  way.  Sherrington  concludes  (1906,  p.  385)  that  the  seat  of  the  inhibition 
in  these  particular  reactions  from  tho  cortex  is  not  in  the  cortc^x  itself,  bat 
probably  at  the  ultimate  synapse  with  the  flnal  common  path,  that  in,  the  motor 
neurone.  Certain  plienometia  to  be  dencribed  later,  however,  indirnU^  tliat, 
although  the  seat  is  very  near  to  the  final  synapse,  it  is  very  iikcly  in  some 
intermediate  synapse.  Tlie  phenomena  referred  to  relate  to  the  action  of 
stiychnine  and  of  chloroform.  It  is  not  to  be  concluded  that^  in  many  other 
cortical  reactions,  inhibition  of  one  cortical  element  is  not  effected  by  otiier  cortical 
element'^,  in  fjict,  there  in  every  rctison  to  believe  tliat  tins  is  the  case. 

lieciprocal  co-ordination  was  observed  by  Slierrington  (1906,  p.  285)  in  the 
"  willc<I  *'  movements  of  tho  eyeballs  in  the  monkey.  The  external  rectus  muscle 
is  supplied  by  the  sixth  cranial  nerve,  so  that,  if  on  one  side  the  third  and  fourth 
nerves,  which  supply  all  the  other  muscles,  are  cut,  any  movements  of  tht|  eye  are 
due  only  to  changes  in  the  state  of  contniction  of  the  external  rectus.  If  now  an 
ohjer't  \<  move<l  horizontally  in  Htirli  a  way  that  its  movement  is  followed  by  mejins 
of  cotitraclion  of  tho  extornHl  rectus  of  the  normal  eye,  it  is  seen  tliat  the  uthei 
eye  also  follows  the  movement,  ^ince  any  movement  of  tliis  eye  must  be  effected 
by  the  external  rectus  alone,  and  the  movement  observed  is  sudi  as  to  be  brought 
about  by  rehuialion,  ib  follows  that  tho  t<mus  of  its  centre  nmst  be  iiAibUed  in 
ai  curat<*  time  and  stop  with  excitation  of  the  externnl  rectus  of  Uh>  opposite  eye. 
It  is  therefore  U)  1)0  presumed  that  a  similar  process  is  going  on  with  regard  to  the 
itUern'U  rectus  of  the  normal  eye,  which  works  in  conjunction  with  the  external 
fectus  of  the  other  eye. 

A  kind  of  reciprocal  innervation  holds  in  two  cases  already  dealt  with.  In  the 
first  of  these,  the  myevfrric  rcff^x"  of  the  intestine,  the  mechanism  is  prf»b.'ibly 
l>eripheral,  although  it  sinmlHt<'M  a  reHex.  Tn  tho  seeond,  the  openijig  and 
closing  of  the  claw  of  the  crat/i/'ufh,  the  mechanism  is  not  reflex,  but  of  peripheral 
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nature,  as  we  have  seen  (page  429).    A  similar  case  to  tlic  latter  is  that  of  tb« 

action  of  the  sympathetic  lu  rvc  <m  the  musules  of  the  iris.  Wryinouth  ReiH 
(1894)  showed  that,  in  thi.s  Iil  thition  of  tlu;  pupil,  simultaneous  contraction  of 
the  dilator,  rtuital,  muscle  and  iiilubaion  of  tone  of  the  sphincter,  circular, 
miiscle  takes  place. 

'Hie  lonte  contraction  of  muficles  concerned  in  the  maintoDanee  of  poabire  baa 
als*)  been  shown  by  Sherrington  to  be  subject  to  recipitx*al  innervation. 

^^^>  shoU  see  later  that  vasomotor  aad  reaptratory  reflexea  loUow  tbe 

toame  law. 

BOITBLE  HECIPROCAL  INNERVATIOK 

The  simple  case  of  tiie  antagonistic  muscles  of  tlie  knee  joint,  acted  on 
rAxly  by  Btimulatkm  of  one  whole  aflforent  nerve,  ia  not  like  the  normal  oomplex 
atate  of  affittrs,  although  it  ahowa  na  the  elementa  out  ,of  which  tlie  latter  ia 

constructed.  Any  particular  motor  centre  is  always  more  or  lata  under  a  two- 
fold influence  of  l>otli  «'V'  itation  ami  of  iiihibition.  This  can  ^m-  stn*)T»^l 
taking  a  pair  of  anta<4oni.stic  muscles  and  Uvo  afftTent  nervcsi,  one  haviti;^  ihe 
opposite  reflex  efl'ect  to  tiie  other,  as  was  done  by  i::}hcrrington  (1909,  2)  in  ll»e 
work  already  referred  to.  If  the  two  oerfea  are  excited  aimultaneoualy,  the 
efl'ect  on  the  movement  of  the  joint  dependa  on  the  relative  atmgth  nf  the  two 
stiiiiiili.  By  study  <'f  the  myograph  tracings,  such  as  those  of  Fi^'  l-">fi.  it  in 
seen  that  the  nmUir  <  i nttr  of  e<ich  muscle  is  under  a  twofidd  intlucnce;  tiie 
discharge  of  each  represents  the  algebraic  sum  of  the  excitiit< u-y  and  inhibitory 
influences  playing  upon  it  At  a  particular  ralative  atrength,  hoth  flexor  aod 
extensor  centrea  may  diacharge,  hut  neither  dincharge  is  as  great  aa  it  would 
have  been  if  the  antagooiatic  inhihitory  influence  were  ahaent  (aee  the  middle 
tracin-^  of  V'v^.  156). 

Thr  study  of  this  phenomenon,  as  Sherrington  points  out,  shows  the  import- 
ance of  inhibition,  not  only  as  supprest^ing  excitation,  but  as  a  delicate  adjuster 
of  the  intensity  of  reflex  contraction,  a  method  which  ia  probably  of  frequent 
occurrence  in  natural  movementa. 

RHYTHlfIC  REFLEXES 

When  the  intensities  of  the  two  opposing  influences  on  the  same  oenti-e  are 
nearly  equally  matched,  a  rhvthmic  dischar^  results.  An  indication  of  this  is 
seen  in  the  middle  tracing  of  Fig.  156.  If  the  movements  of  the  right  and  kfi 
legs  are  observed  under  tiieae  conditions,  flexors  and  oxtenaora  are  aeen  to  be 

aUernatin;^'  in  rontraetion  on  the  two  sides,  so  that  a  steppinir  movement  resulta; 
when  tlie  "nr  leg  is  flexed,  the  other  is  (>xteiuled  atid  vice  versa.  The 
following  explanation  is  suggested  by  »Sherrington  (1913,  2,  p.  96):  "Reflex 
inhibition  of  a  centre  tends  to  superincfuoe  in  it  a  state  of  superactivity,  reboond ; 
and  conversely,  as  has  long  been  known,  the  reflex  excitation  of  a  centre  tends  to 
Buperinduce  in  it  a  state  of  depressed  activity,  fatigue.  It  is  therefore  not 
surprising  that  wlien  the  two  antagonistic  influences  are  coneun-entlv  nt  work  on 
a  centre,  and  are  nearly  balanced,  there  should  result  a  rhythmic  oscillation  of  the 
two ;  and  presumably  the  rate  of  their  alternation  will  depend  largely  on  the  nicety 
of  balance,  and  on  the  intensity  with  which  the  procesaea  are  acting.'*  Forbes 
(1912,  2,  p.  287)  points  out  that  if  we  have  two  opposing  foroea»  an  increasing 
one  (A)  acting'  a<;ainst  a  constant  one  (H),  and  if  H  is  acting  in  some  way  ktvp 
pot<?ntial  rneI^y  pent  up,  then,  as  soon  as  A  becomes  grtmter  tha?!  K.  the 
accumulate<i  energy  Is  released  and  becomes  kinetic.  The  important  point  m  the 
present  connection  ia  that,  when  once  the  rdease  of  energy  has  begun,  it  prooeeda 
until  mere  energy  is  releaseil  than  ia  represente<l  by  the  excess  of  A  over  B,  owiqg 
to  the  kinetic  energy  (tf  the  current.  A  tank  into  which  a  stn'rini  of  water  is 
flowing  an«l  provide<l  with  an  r»utlet  at  the  lK)ttoin,  closed  by  a  spniiL;,  is  such  a 
case.  Forbes  further  shows  that  "  biogen  "  ntolecules,  obeying  tlie  law  of  imm 
action  alone,  would  give  a  continuous  response  to  a  cmitinuoua  atunnlua    Also  that 
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"to  develop  rhythm  of  discharge  there  must  be  an  approximation  to  the  all-or 
none  law." 

Cirahani  Hrown 
(I9I-2,  pp.  285'2S0) 
states  that  the 
pheYicmiena  «>b8erve«l 
by  hint  cjiiinot  W- 
acGouiil«d  for  eithi-i 
l»y    a    **  draiiin^e " 
theory,   or   l»y  a 
metallic  oiiu,  iini 
again  by  the  asHUiiip- 
tion  «)f  a  wlf-gcntT 
ated  antaj;nnistir 
stinmluM.     He  sug- 
gests that  the  re- 
spective centres  uf 
the  corre»pf>iiding 
moades  of  the  twu 
sides    act  rucipro 
oally  on  tach  other, 
the  one  in  excitation 
inhiiiiling  the  othor, 
altlKMigh,  as  he  arl- 
mits,  the  nature  of 
the  inhibitory  pro- 
em»  is  not  explained 
thereby. 

Further  details 
of  this  interest- 
ing question  will 
be  found  in  the 
papers  by  Graham 
Brown  (1912), 
Forbes  (1912,  2) 
and  Sherrington 
(1913,  1).  Fig. 
157  illustrates 
the  phenomenon 
well. 

THE 
ACTION  OF 
STKYCIININE 

AND  OF 
CHLOKOFOUM 

The  conver- 
sion, by  strych- 
nine, of  central 
inhibition  into 
excitation,  and 
that  of  excitation 
into  inhibition  bv 
chloroform,  were 
described  above 
(page  428). 

As  we  shall 
soe  in  the  next 
chapter,  Magnus 
has  shown  that 
the  exten.sor  tonus 
of  the  muscles  of 
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the  limbs  is  greatly  influcJiced  by  Btimuli  from  tlie  receptora  of  the  labyrinth 
aud  tlie  nork,  an»l  tlmt  this  extensor  tonus  i*?  asR<K'iate<l  with  inhibitit>ii  of 
flexors.  Now,  m  this  particular  caao  of  reciprocal  iuliibitiou,  it  \\m  been 
shown  by  Magnus  and  Wolf  (1913,  p.  458),  that  the  inhibitory  compooeut 
oaoiHit  be  feveraed  even  by  bo  «  dose  of  strychnine  that  oonvulffloos 
made  further  experimenta  impossible.  These  observations  were  made  on  triceps 
biHchii  and  on  vasto-cnitvMis  isolated.  Since  it  wms;  hIiowh  by  Slierrin^ton  that  a 
small  doso  ^>f  HtryrliTu'in  reverses  the  inhibitory  component  uf  rcllexes  from  afferent 
nerves  of  the  limb  olKserved,  in  which  these  same  umttcles  are  employed,  it  follows 
tiiat  tl.ie  «une  moade  in  one  reflex  may  respond  with  ravened  inhibitim  {i.e , 
excitation),  and  in  another  roHex  with  normal  inhibition.  Magnus  and  Wdf 
rightly  draw  the  conclusion  that  no  "anatomical"  scheme  of  connections  can 
explain  this  fart.  Tt  may  Ixi  that  there  are  two  indqpend^t  synapses  with  the 
final  common  |>aiii,  uuetiually  sensitive  to  strychnine,  or,  in  accordance  with  the 
conclusion  to  which  I  was  led  by  my  observations  on  vasomotor  reflexes,  that 
the  drug  acts  on  some  intermediate  synaptic  .membranes  on^  the  afierent  side^ 
synapses  which  are  not  part  of  the  path  common  to  the  two  different  i  t  fl  ses.  One 
of  tliese,  that  in  the  reflex  arc  of  the  afferent  nerve  fnnn  tlio  limb  itself,  is  more 
sensitive  to  the  dru;.,'  than  those  of  the  posture  reflexes  from  labyHnUl  and  occk. 
But  it  seems  that  either  hypotliesis  would  sultico. 

It  will  be  clear,  in  any  case,  what  havoc  strychnine  and  tetanns  toxin  must 
play  with  reciprocal  innervation  in  tho  organism.  As  Hherrington  says  (1905, 
p.  296):  "The  sufferer  is  subjected  to  a  disorder  of  co-ordination  which,  though 
not  neeessanly  of  it^self  aocomj>Hti?('d  hy  y>hv«ieal  pain,  must  inflict  on  the  mind, 
which  still  remains  clear,  a  torture  niexpressibly  distre^sinpf.  Each  attempt  to 
execute  certain  muscular  acts  of  vital  importance,  such  as  the  taking  of  food,  i^ 
defeated  because  from  the  attempt  results  an  act  exactly  the  opposite  to  that 
intended.  The  endeavour  to  open  the  jaw  to  take  food  or  drink  induces  closure  of 
the  jaw,  liecatwe  the  normal  inhibition  of  the  stroni:cer  set  oi  muscles — the  dosin? 
umscles — is  by  the  agent  converte<i  into  exeilation  of  tlieni.  Moreover,  the 
various  reflex  arcs  that  cause  inhibition  of  these  muscles  not  only  cause  excitation 
of  them  instead,  imt  are,  periodically  or  more  or  less  omistantly,  in  a  state  of 
hyper-ekcitement ;  and  yet  attempt  on  the  part  of  the  suffsrer  to  restrain,  to 
inhibit,  their  reflex  retiction,  instead  of  relaxing  tliem,  only  heightens  their 
excitation  further,  and  thus  exiicerbates  a  nj:jidity  or  a  convulsion  already  in 
progress,"  Hherrinj»ton  thinks  it  prol)al)le  that  the  iiction  of  the  tuxm  of  rabies 
lies  in  a  similar  eil'ect  on  the  inecliauisms  regulating  swallowif^g  and  respiration. 

INTERACTION  OF  REFLEXES 

Various  reflexes  nse  the  same  final  common  path  for  different  purposes  or  for 
similar  purposes.    Aflfercnt  ares  which  use  it  for  diflferent  puiposes  cannot  have 

possession  of  it  simultaneously  and  they  must  take  their  turns,  as  it  were.  One 
reflex  may  defer  or  cut  short  another.  This  t^ikes  phiee  even  if  they  are  both 
associated  with  excitation  of  the  motor  neurone,  if  they  use  the  final  common  path 
in  a  different  way,  as  regards  time  relations,  and  so  on.  Such  cases  are  the  flexion 
reflex  and  the  scratch  reflex  of  the  leg  muscles.  These  are  ''antagonistiQ'' 
reflexes.      Allied  *'  reflexes  act  together  and  fretjuently  reinforce  one  another. 

The  function  of  the  ivceptors  of  the  muscle  itself,  "  pr«>]irlo  ceptois "  ns  we 
shi^l  learn  to  call  them,  is  <»f  importance  in  this  process.  Aecordin;^  to  Sherrington 
(ll)(M>,  p.  .341,  and  11)09,  ^,  p.  155),  their  function  is  to  cut  short  a  reflex*  aud 
prepare  tlie  arc- for  another  ona  Thus,  a  normal  muscle,  excited  to  reflex 
contanction,  can  be  inhibited  by  stretditng  it^  whereas,  in  a  muscle  de|>iived  of 
its  proprioceptive  afierent  fibres  by  section  ol  the  dorsal  roots^  this  csnnot 
be  done. 

COMPOUND  REFLEXES 

Certain  reflexes  may  combine  together  to  form  a  definite  co-urdiiiatioo, 
which  may  be  either  simultaneous  or  successive    In  the  latter  case,  the  result 
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of  one  miction  excites  another,  and  so  on.  Thus  the  reflex  protrusion  of  tho  frog's 
tongue,  excited  by  the  sight  of  a  fly,  provides  the  stiaiulus  (contact  with  thp  niucoua 
membrane  of  the  mouth)  which  oauaes  closure  of  the  mouth,  swallowing  of  the 
fly,  and  80  on,  in  series.  In  such  cases  as  the  scratch  reflex,  where  the  conditions 
can  be  readily  controlled,  eaeh  reflex  inereaaes  the  excitability  of  the  reflex  are 
for  the  next  saoceediiig  one.  The  (jtiestion  of  compound  reflexea  tt  a  large  one. 
Sbenington's  book  (1906,  Obapten  IV.,  Y.  and  YI.)  shoold  be  eonralted. 

FATIGUE 

Since,  as  we  have  seen  (page  423),  tho  seat  of  reflex  fatigue  ia  not  in  the  | 
final  motor  nnirone  itself,  it  ih  eloar  that  the  possession  of  this  fin;il  common  I 
path  by  a  new  reflex  i.s  coiLsiderably  atlect^'d  by  the  fatigue  of  a  previous  reflex. 
The  value  of  this  fatigue  of  an  intermediate  synapse  is  to  prevent  too  long 
fKMsession  of  an  ^flfeetor  by  a  partieolar  reflex.  I\fttigoe  of  a  ceftaia  reflex 
enables  a  second  ooe  to  obtain  possession  of  the  eflbctor,  althoi^h  the  stimulus 
exciting  the  fornif  r  reflex  may  be  still  going  on.  The  final  motor  neanme  is 
comparatively  inca|Mible  of  fatigue. 

Fatigue  of  a  steady  reflex,  such  as  the  flexion  reflex  of  the  knee,  is  first  shown 
by  its  beoomiug  rhytbmle. 

Although  a  reflex  are  is  soon  fatigued,  it  recovers  again  finrly  rapidly;  its 
power  of  responding  again  may  be  very  considerable  even  after  ten  aeoonds  i 
of  rest.  ; 

The  diminution  uf  its  excitability  is  gradual,  so  tliat  a  weak  stimulus  ceases  \ 
to  be  effective  earlier  than  a  strong  one  does. 

A  reflex  may  oesae  either  from  fatigue  or  from  inhibition.   In  a  rhythmic 
reflex,  such  as  the  .scmt<^:h  reflex,  the  diflt'rence  can  be  seen.    Tn  the  former 
case,  the  beats  become  slower,  and  ea<-h  Ix'at  is  more  pn>hiri!:;tvl  ami  sluggish;    ,  ' 
in  the  latter  case,  there  is  no  change  in  ri\\j*  nor  in  the  duration  of  eaeh  beat.  • 
They  are  usually  abolished  altogether  by  inhibition,  without  any  previous  change,  ' 
altliough  the  aroplitode  may  sometimes  be  rsdnoed. 


NOGIGBFTIYB  REFLEXES 

Reflexes  that  protect  an  animal  from  injiu  y  are  nsnally  prepotent,  that  is, 
they  displace  oUiers.  The  receptors  are  prol>ably  free  nerve  endings,  since  any 
form  of  nocuous  stimulus  is  capable  of  exciting  nerve  fibres,  and  there  is  no 
nee<l  of  r^'oognition  of  the  kind  of  stimulus.  Great  sensibility  to  small  stimuli, 
■*(0  important  in  the  higher  ueu.ses,  would  be  a  disiulvaittage  in  this  case.  The 
scratch  reflex  in  the  spinal  animal  can  be  driven  from  possession  of  the  final 
common  path  by  a  flexion  reflex  produced  by  a  ptn-prick  in  the  foot.  These 
nociceptive  reflexes  recover  first  after  spinal  tran.section.  Thus,  the  above* 
mentioDed  flexion  reflex  can  be  obtained  earlier  than  that  next  descnbed,  namely, 

THE  EXTEN80H  THKUBT 

When  the  spinal  con!  has  considerably  recovered  from  the  shock  of  section, 
gentle  pressure  Ijetween  the  paws  will  often  produce  an  extensimi  reflex,  in  which 
the  leg  is  straightened  out.  This  eflect  is  similar  to  that  which  is  caused  by 
contact  with  the  ground  in  walking. 

Desoription  of  the  great  variety  of  individual  reflexes  would  be  out  <rf  plaoe  in  this  book. 
Tliose  to  (b«  visosfa,  the  beart,  and  tho  blood  Teasels  are  dewribed  in  other  eliapters. 


AUTOTOMY 

We  may  devote  a  few  words  to  a  peculiar  reflex  met  with  in  certain  crustaoea. 

If  a  crab  he  picked  up  by  one  of  its  amhulat^iry  appendas^rs,  it  j^eneralh',  by  a 
powerful  muscular  contrvu  tion,  breaks  this  leg  ofl"  at  a  particuhir  phu-e  and  so 
obtains  freedom.  This  uiocltauiam  was  first  investigated  !>>  Frederic<|  and  more 
recently  by  Roekam  (1913).   The  second  segment  of  the  leg  in  the  crab  consists 
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of  two  |)Mrta,  which  are  .  distinct  memfaera  in  most  cnuitaioeA  'and  united  by  « 
mofAblo  jovjit.    In  thia  animal,  however,  in  place  of  a  joints  there  is  a  double 
membrane,  whode  two  cmnponents  are  not  very  firtnly  uiiitpcl.    In  the  middle  of 

tlie  iiuMnbrano  thore  is  an  apt-rtur**,  tlirou^h  wliieli  tlu'  nr  rvf  nnd  blood  vessels 
j^iHss.  Cfrtain  muscles  are  m>  arranged  tliat,  by  a  jxmtiiui  contraction,  they 
Hoparatc  upait  the  two  layers  of  the  uicmbianc.  Thus  no  soft  parts  are  torn, 
except  the  nerve  and  blood  vessels;  there  is  practically  no  bleeding  and  the 
peripheral  part  of  the  appendage  is  rapidly  regenerated. 

METHODS 
•  ■ 

Tliere  are  two  mamniaban  pn')v»iati«ms  which  are  verj'  useful  for  the  study 
of  rellex  action.  The  "  tie*  erel»ra(e,  "  described  Ity  Shnrrinf^tnn  (1898),  for  which  a 
cat  is  lk>sl,  retains  ail  jtarts  of  the  cential  nervous  syst<Mn  lielow  the  potiterior 
colliculi  and  showii  tonic  rigidity  of  c\tcnH(»r  muscles.  It  is  tlu  rcfore  valuable  for 
the  investigation  of  inhibition.  The  other  prt  paration  is  decapitated  and  there- 
fore spinal  only  (SherringtoD.*  1009,  1).  It  is  impoHant  that  the  operative 
prm^edurcs  in  both  eases,  especially  the  section  of  the  crura  or  the  spinal  cord, 
should  l)e  done  undei'  deejt  aiui'st hcsia  ;  a  eitn  i  lf  r  il  fe  utMiunt  of  shock  is  thus 
avoided.  The  \agiis  nerves  should  also  be  <ii\iiicd  previously j  unless,  in  the 
decerebrate  preparation,  they  are  required  for  the  purpose  of  reflexes. 

CONDITIONED  REFLEXES 

Pavlov  (1910)  states  that  he  was  struck  by  the  fact  that  when  the  phyaiologiat 
leaves  the  study  of  the  simpler  paits  of  the  central  ncrvous  system,  which  he  has 

investi^aterl  by  the  obser  vation  of  re(le\<  s,  and  ]i»oc»  f  ds  to  the  higher  parts, 
es|)eciHlly  to  i  li»»  cciel)i  al  cortex,  his  met  hods  sud«ienly  change.  He  gives  up 
ol)servatiou  of  the  relation  between  rxternal  phenomena  and  the  reaction  of  the 
organittm  to  them  and  introduces  psycliolo;^dca1  ideas,  derived  from  his  own  internal 
consciousn(>s8. 

To  e.xtend  to  the  liii,'Iier  centres  tlie  mctlio*!  of  observing  what  chani^'CH  in  the 
(jrj^anism  arc  correlated  with  external  chant^'cs  mii^ht  a}){K>ar  Xfvo  ditlicult,  but 
Pavlov  Ita^  succeeded]  iii  doin<j  so  t<>  a  icmaikal>le  de;.(r<M'.  The  metluxi  used  is 
that  which  he  calls  "conditioned  "  reflexes.  Unfortunately,  up  to  the  present,  the 
experimental  results  are  not  easy  of  access,  most  of  the  papers  being  publiBhed  in 
TUissian,  and  it  is  difficult  to  follow  the  train  of  argument  apart  from  the  actual 
facts. 

Tlu^  complcxjt\'  lurried  out  to  be  less  tltar»  was  <»\p(H-t(^<l,  s^^  far  Jis  the  response 
itself  was  eoncerned.  'J'he  prtMluciiun  is  easy  under  the  ri^lit  conditions.  The 
complexity  depends  on  the  inhibition  produced  by  events  taking  place  inde- 
pendently, all  of  which  exert  their  infiueiice  on  the  newly-formed  reflex  and  must 
be  duly  controlled. 

Tl)(  re  are  two  fiiiidariieTital  mech.-i nisins  coruerned.  Firstlv,  that  of  (pinjtornrff 
aSfiuciiUnnt^  by  vvliich  cxtei  nal  plu  iiomcria  are  l)rou^dit  into  connection  with 
reactions  of  the  organi.sm.    And  secondly,  that  of  anal y m  i  s. 

The  first,  as  we  have  .«ieen  in  the  preceding  chapter,  is  a  general  property  of 
nerve  eenttcs.  but  Ixconies  more  and  ntore  complex  and  vKnHjiahle  in  the  conraecl 
the  evohitioii  .  .f  ilie  liii^du  r  eenttcs.    i'avlov  makes  use  of  it  in  a  definite  manner, 

whicli  1  uill  endea\"Ui-  to  make  plain, 

In  Liic  lower  ceniit;s,  the  retlexes  aie  ot  remar-kable  regularity,  as  will  have 
been  soen  in  the  previous  part  of  the  present  chapter.  They  can,  as  a  role^  be 
reckoned  upon  to  follow  a  particular  stimulus  without  fail.  They  are^  in  fact, 
*'uncoiiiIit iorird  III  the  hi<rher  centres,  the  result  that  follows  a  particular 
sfini'ilus  de-|H'iids  M  much  uri'-'iter  nimilief  nf  conditions,  sometimes  no  obvious 

result  iiaj'pcii.s  at  all.  \  ru  ioii-^  " '  1 1  ri ipot  ;i ( \  conil li na t  ii 'lis  "  ;» I'c  fonueU  and  wc  have 
"conditioned  "  reflexes,  ii  is  uniiei  ev.aiy  t*»  reniar  L  that  the  difference  is  really 
only  one  of  det^'n-e,  since  no  reHox  can  Ite  said  to  lie  absolutely  anoonditioned. 

Now,  one  of  till-  III'  t  ( niial  relationships  )>etween  the  organism  and  the 
outer  world  in  that  of  foo<i.    Jn  coui-ae  of  evolution,  the  means  by  which  the 
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pre^nce  of  forni  l)f>comes  known  incroase  in  nuinlxT  and  complexity  with  the 
dilTereatiiitiua  u£  recaptont.  ThiLS,  soioelimes  one,  boinetiiries  another  pheaoiueuun 
ftf  the  ooter  world  beoomoB  a  agn  <tf  food  and  the  impossibility  of  other  than 
temporary  connections  is  obvious.  It  is  a  case  of  the  telephone  exchange  again, 
an  illustration  used  also  by  Pavlov  (1910,  p.  9). 

Ifnw  aro  thest*  t4'ni[>orary  cojnbinations  made  I  How  m  tho  c<>nflifio?5od  reflfx 
loriiu-ii  I  It  in  this :  if  a  new,  indiilerent,  external  stimulus  in  many  times  pre-sent 
along  with  one  vhieh  has  already  a  definite  response,  the  sobsequent  presentation 
of  the  new  stironlna  alone  oauaen  the  reflex  to  be  given.  Hie  feflex  are  haa  now 
taken  into  connection  with  itself  an  additional  afferent  neurone^  but  not  for  an 
indefinite  time  and  uneonditioTially,  as  we  shall  see  pre«*-ntly.  At  the  risk  of 
'^jme  dei^ree  of  repetition,  it  seems  advisable  to  give  an  illustration.  A  d<ii^,  when 
given  fxxi,  secretes  saliva,  as  is  well  kuown.  Suppose  that  every  time  the  food  is 
given,  a  particular  bell,  is  rang,  Aft«r  a  number  of  repetitions  of  the  oombina- 
tion  of  bell  and  food,  the  eoiind  <^  the  bell  alone  is  found  to  cause  secretion  of 
saliva.  A  conditioned  reflex  to  the  sound  of  the  bell  has  been  formed.  This 
is  ;i  very  simple  case,  but  the  investij:jation  of  tlie  vaiious  influences  to  which  it 
18  subject  leads  to  a  great  deal  of  valuable  information. 

The  work  of  Pavlov  nnd  his  collaborators  |iaa,  in  fact,  been  hitherto  concerned 
with  sndi  a  comparatively  simple  ease!  The  salivary  glands  have  nuuiy  advan< 
tages  for  the  purpose.  They  can  woi  k  aloiu^,  not  bein^  parts  of  a  complicated 
^'>tem.  The  ()bf*ervatinn  nf  the  efTect  can  be  made  (juantitative,  by  reconling  the 
numU^r  of  drops  of  salix  'i  sfcreted.  The  operation  necessary  to  make  a  salivary 
fistula  is  very  simple  aiui  does  not  interfere  wj th  the  normal  state  of  the  animal. 

When  food  is  taken  into  the  mouth,  stii|iulati<>n  of  the  various  receptors  in 
the  mucous  membrane  brings  about  reflex  secretion.  This  Ls  the  primitive, 
unconditioned  reflex,  present  even  without  the  higher  parts  of  the  brain.  But  it 
ran  be  modified,  as  every  one  knows.  The  sight,  or  evm  thonglit,  «»f  f(x^»d  may 
excite  secretion  ;  this  is  "psychical  "  secreticm  ami  it  requires  the  highest  jmrts  of 
the  brain.    Fear  may  prevent  the  secretion,  so  that  ilry  fixxl  cannot  be  swallowed. 

Now  it  is  just  this  aspect  that  can  be  made  into  conditioned  reflexes.  Any 
phenomenon  of  the  outer  world,  for  which  the  animal  in  (]ue»tion  possesseR 
appropriate  receptors,  can  Ik-  brought  inl^)  temporary  asso<  iation  with  .salivary 
secretion,  .s<^)  that  it  iK'comes  an  exciter  of  secretion,  if  only  it  lias  been  frccpicntly 
presented  at  tbo  same  time  with  the  unconditioneii  reflex  stimulus,  fotxi  in  the 

BMUth. 

The  study  is  oonoemed  with  the  diffiraent  kinds  of  stimuli,  their  mutual  effect 
on  one  another,  and  so  on.  Hince  a  number  may  \w.  present  at  (me  time,  there  is 
a  great  variety  of  possibilities  of  inhxltilion,  of  which  Pavlov  disMnguishes  two 
kinds,  external  and  internal.  All  kinds  of  external  phenomena  may  give  rise  to 
ej-ternnl  inhibition.  During  the  course  of  the  formation  of  a  conditioned  reflex, 
Qspecially  in  the  early  sUiges,  a  very  slight  outside  disturbance  may  prevent  its 
pn>{)er  production.  Thus,  Dr  Anrep  informs  me  that  he  was  engaged  in  the 
priHluction  of  a  conditioned  reflex  to  a  particular  metronome  beat.  It  was  in  the 
winter  time  and,  just  as  he  presentf»d  the  ffKxl,  the  laboratory  servant  l)egan  to 
iicrape  away  the  snow  at  the  entrance  of  the  building.  The  eflect  of  the  intendecl 
stimulus  was  at  once  done  away  with ;  the  dug  s  attention  was  diverted,  as  the 
pRjfchokigist  would  put  it,  and  the  experiment  spoiled  for  a  time.  As  regards 
internal  inhibition,  it  is  found  that  a  conditioned  reflex,  say  salivary  seoietion  on 
thcsouml  of  a  bell,  if  repeated  several  times  without  the  nl>-»'qtient  presentation 
of  foo<l,  loses  its  elleet,  it^  proper  consummation  not  Ixiiig  arrive^^l  at.  This  is 
merely  temporary  internal  miabition,  since  the  reflex  returns  of  itself  after  a  rest. 

The  '^anal^sert"  are  what  have  been  called  sense  organs,  or  mechanisms  of 
sensation,  whose  function  it  is  to  separate  ami  distinguish  the  complicated 
phenomena  of  the  outer  world.  Many  of  the  f>»cts  already  worked  out  by  physi- 
oloinsts  l>el(>ng  to  Pavlov's  catc^'ory  of  conditiontH)  reflexes.  When,  for  instance, 
s  certain  conil»iuation  of  stimuli,  arising  from  the  retina  and  from  the  eye  muscles, 
hsa  several  times  been  found  to  coincide  with  the  touch  stimuli  of  on  object  of  a 
given  nae,  the  oomfaination  becomes  the  eonditioaed  stimulus  of  the  actual  size  of 
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the  object.  Ah  we  shall  see  in  luore  «ietail  in  the  following  chapter,  the  aoalyKi 
connstB  of  unmothing  more  complex  than  the  peripheral  leoeptom  alooa  It 
liududes  thfse^  but  k  oontmuod  to  tihoir  central  connections  in  the  farain,  tnii 
these  latter  are  often  very  complex,  reaching  to  the  highest  oentrea.  At  •• 
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DlAOBAM  or  riRHT  STAGES  OP  CENTRAL  ANALYSIS  AMD  UmoaATIOS  OT 

8KN.H4>KY  IMiM<LSI':8  KK«»M  THK  HKIN. 


TJit  oiit*r  dutud  liiif  *  iitnrk  Uii.-  laUral  lM>iiri<Urie«  oi  the  Hpiiial  coni    The  centre  Uo«  U  the  mtddle  tfc***^ 
Tlte  leitcm,  7',  /'.  c.  U,  refer  to  RyuapMi  with  oetlft  oonorrned  with  toudi,  p^n,  floM,  and  heUt  raiMrfn*9* 
Tb«  liiMW  r«|ir««enl  bundles  of  nerv«  fibm  (ShtA.\ 

example,  Fig.  1 58,  which  is  a  diagram  given  l)y  Head  of  the  partial  analysis  &oJ 
reintegration,  in  tlie  lower  centres  of  the  spinal  cord  and  tlie  bulb,  of  the  tlii* 
diflbrent  seta  of  receptors  in  the  skin  and  the  undiM  lying  Htmctttres  of  the  h^M 
may  bo  glancre<l  at.  The  meaning  of  the  names  "  protopathic,"  "epicriti*","  ^oA 
(*deep"  sensibility  will  be  explained  Uter  (page  &U).    For  the  prceeot, 
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take  the  first  M  bnng  anooiated  with  paiD,  the  second  with  the  fine»  dlaoriioiiiatiiig, 
higher  reoeptorR  of  touch,  heat,  and  oold,  and  the  ]«Bt  as  the  Fladnian  and  simihur 

receptors,  connected  with  the  nuiscular  sense  an<l  presNure. 

It  will  he  clear  that  the  nu'thod  of   €un(liti(»iie<i   lellexes  prrscuU  great 
<*pportuuitie8  of  testiDg  the  delicacy  ui  ilie  apprei-iut itm  of  exteinal  fureea.  The. 
dog  has  been  loimd,  in  this  way,  to  be  able  to  distingaish  small  di£feienceg  of  the 
pitch  of  musical  notes. 

For  i-\aiiiple,  a  note  of  KM)  vil. rations  per  secontl  has  lieen  niwle  into  a  conditiomil  8ttniuliui 
by  presentation  along  with  fitocl,  ho  that  on  hearing  this  note  by  itHclf,  secretion  resultK.  liut 
DO  etTert  is  produced  by  a  note  of  104  vibrations,  nor  by  one  of  iKi.  A  »iinilar  conditioned 
n-flex  to  electrical  stimiilatioii  of  a  apot  on  the  akin  ceases  to  afqiear  when  the  electrodes 
Me  Dioved  1  cm.  awn}'. 

This  differentiation  is  found  to  Ik'  lirouLflit  about  by  inhibition,  that  is,  by 
exclusion  of  all  parts  of  the  analyser  witli  the  exception  of  a  limited  region. 

The  co-operation  of  inhibition  in  the  formation  of  conditioned  reflexes  may  be 
seen  thna;  an  electrical  current  sufficiently  strong  to  give  signs  of  pain  when 
applied  to  the  skin,  is  made  the  signal  of  a  conditioned  reflex  when  applied  to  a 
pnrticular  spot.  It  is  found  now  that  it  skives  signs  of  pain  no  longer,  but,  if 
moved  1  cm.  away,  there  is  no  M  cretiuii  hut  tln-ro  are  signs  of  jtain.  In  practice, 
of  course,  it  is  necessary  to  shave  the  spot  and  mark  it  for  future  accurate 
IccalisatioiL 

We  may  here  pause  for  a  moinent  to  note  the  difference  between  the  spmal  and  the  higher 

fiitrt'Si  in  rt'grtrd  to  nfK;t<cptivt'  reflexes.  We  saw  that  tlu-se  n-flfvc*  are  pn^potent  in  the 
torroer  cose,  but  the  conditiuniKl  reflex  in  the  ca«e  quoted  ahove  has  obtained  the  mastery 
over  one.  Nbooooe  ekin  stimuli  can  even  he  made  into  a  conditioned  stimulus  for  the  feeding 
n  rt.  x,  but  not  when  ap(ili<'(l  over  nor  when  acid  in  the  mouth  w  the  stimulus  for  the 

uoiuniiittoued  reflex  instead  ot  l«Nid.  80  that  nocuous  stimuli  are  more  dtllicult  to  deal  with, 
even  by  the  higher  oentrea,  and  the  maatety  over  them  ia  only  a  qnahfied  one. 

A  qtot  which  has  been  made  the  signal  for  a  conditioned  reflex,  by  presentation 
of  food  along  with  the  stimulation  of  the  spot,  is  called  an  "octtve"  spot.  It  ie 
necessary  to  dtstinguisli  Ix  tweon  an  '*mui^«s"  and  an  **ifu/i#^«fit"  qpot.  The 
latt^T  name  isgiTe^i  to  spots  wljicli  have  not  l)een  used  am  for  any  particular 

purjHtse  ;  while  an  "inactive"  s}>ot  is  one  which  has  Keen  nia<lt',  by  stimulation, 
lite  signal  for  non-prescntaliun  of  food  ;  that  is,  as  it  were,  a  reflex  for  "  no  food," 
sod  is  associated  with  o&senes  of  salivary  secretion. 

The  following  experiment  presents  several  points  of  interest  (Favlov,  1912, 
pp.  330-331).  Along  a  sorit'n  of  spots  on  the  hind  leg,  there  were  armnjrf^d  five 
fifvices  for  producing  nu't'liunical  stimulation  of  the  skin.  The  stimulus  \va.s 
equal  in  all.  The  upper  four  were  made  "  active,"  that  is,  were  accompanied  by 
wcretioQ  of  saliva.  The  lowest  one  waa  made  "inactive,"  that  is,  whenever  it 
was  stimulated,  no  food  was  presented.  Suppose^  for  the  sake  of  example,  that 
atimulation  of  fsach  of  the  upper  four  for  thirty  seconds  is  accompanied  by  the 
production  of  10  drops  of  Haliva,  while  that  of  the  fifth  give??  none.  Stiinulntr  the 
mactive  spot,  and  then,  thirty  seconds  later,  stimulation  of  any  one  of  tlie  upper 
four  spuU  will  Ije  found  ineflective.  At  one  minute  interval,  activity  begins  to 
return  and  in  order  from  above  down.  Thus,  the  following  numbers  of  drops  were 
obtained,  r>,  3,  1,0.  After  two  minutes,  10,  8,  T),  2.  After  three  to  four  minutes, 
10,  10,  10,  4  ;  and  coinpleto  return  to  normal  after  five  to  six  minutes.  Inhibition, 
therefore,  spreads  over  a  wide  area  of  tlie  analyser  and  disappears  from  the  more 
diiitant  parts  first. 

Those  conditioned  reflexes  in  which  the  ivm  eUmeut  enters  are  also  very 
iostmctive. .  Suppose  that  the  sound  of  a  bdl  is  not  at  once  accompanied  by  the 
presentation  of  food,  but  only  after  two  minutes'  interval ;  and  that  this  succes-sion 
is  repeat^'d  until  the  conditif)nod  reflex  is  formed.  Tt  i«  then  found  tliat  the 
sound  of  tlio  Ix'll  is  not  at  onto  fo!lowe«l  by  seeretion,  but  only  after  the  interval 
of  two  minutes  has  elapsed.  Now,  during  the  time  between  the  .stimulation  and 
the  reflex,  it  is  clear  that  something  most  be  going  on  in  the  centres,  but  that  its 
manifestation  is  inhibited.  This  can  be  shown  by  the  applictititm  of  some  external 
indifferent  stimulus  during  the  interval,  when  the  saliva  immediately  appears.  It 
is  t«  IjW  U!|dersto9d  that  this  inditferent  a^ent  is  pot  one  that  produces  secretion 
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of  itself  and,  in  fart,  if  it  is  presentefl  alont;  ^^  it}l  the  active  stimulus,  the  effect  of 
the  latter  is  inhibited.  It  is  to  lx«.  suppostHi,  thereft>rt%  that  when  it  cati'v^ 
secretion  in  the  aiiove  experiment,  it  must  inhibit  the  process  which  w&s  itself 
iiibibituw  the  Appearance  of  saHva.  We  have  wAiMlum  of  itikyinJ^m^  as 
deaeribea  above  (page  416).  A  variation  of  this  experiment  was  made  aa  follows^ 
It  was  actually  done  owing  to  a  misunderstanding  of  instructions.  A  metronome 
beat  anrl  t})o  i^iving  of  food  oceurrofl  together  every  ic^n  minutes.  Afterwardn  tli«' 
signal  aione  was  given.  If  it  occurred  at  ten  nunuteii'  interval,  saliva  appeared, 
but  not  if  at  shorter  intervals. 

A  conditioned  stimulus  can  be  made  an  inhibitoij  one.  Suppose  that  a  soand 
and  :i  light  are  made,  each  for  itself,  active,  that  is,  associated  with  presentation 
of  fo<Kl,  hut  that,  when  both  occur  togftlier,  tu>  food  is  preseiit4^<I,  that  is,  the 
combination  is  made  inactive.  Then  one  must  inhibit  the  other.  MunMtver,  one 
may  be  presented  alono  and  be  followed  by  secretion,  and,  while  the  active  stimulus 
is  still  present^  tlie  other,  also  aetive  by  itself  alone,  may  be  presented.  The 
secretion  stops,  because  the  ocnnbination  of  the  two  is  inactive. 

Pavlov  (1912,  p.  329)  states  the  following  rule  with  regai-d  to  the  spread  of 
strmuH  in  tlie  cortex.  As  they  arrive,  they  spread  at  fnst  and  irradiate,  then 
collect  together,  fix  and  concentrate.  This  law  sliows  itself  very  clearly  \\\  t}i»» 
phenomena  of  iuliiintiou  (1912,  p.  330).  Suppose  that  a  number  of  various  Httmuli 
have  been  made  signals  for  aetivily  of  the  salivary  gland.  The^  act  also  vhen 
combined  together.  But  if  one  of  them  is  made  feeble  by  inhibition,  the  othen 
are  also  extinguished,  if  tested  at  once.  But  if  the  test  is  not  made  until  seversl 
minutes  later,  it  will  lie  found  that  the  acti%  ity  has  returne<l  to  all,  except  to  the 
one  previously  inhibited,  which  remains  for  a  much  longer  time  ineilective. 

Since,  during  a  conditioned  reflex,  the  whole  of  the  cortex,  except  the  part  in 
action,  is  inhibited,  it-follows  that^  if  the  stimulus  is  not  foUowed  by  presentatioii 
of  food,  so  that  internal  inhibition  of  this  part  also  takes  place,  there  is  a  tendoicjr 
to  total  inhibition  and  to  sleep. 

Sleep  itself,  ind<'e<],  may  he  associated  with  food  and  be  exciteti  l>y  a 
ditioned  stimulu.s.    A  lullaby  may  be  regarded  as  tho  conditioned  stimulus  to  .send 
a  child  to  sleep. 

Removal  of  an  area  of  the  cortex  damages  permanently  any  conditioned  reflex 
in  which  that  area  had  been  concerned.  It  was  found  that  when  a  certain  lur<;o 
,  skin  area  had  been  made  a  eonditionod  stimulus  for  tho  feeding  reflex,  tlie 
removal  of  parts  of  the  frontal  lobes  abjlished  the  conditioned  reflex  from  a  |«ir 
ticular,  sharply  defined  area  of  skin.  On  stimulation  of  the  ineffective  skin  aiea, 
there  is,  however,  a  strong  inh/^UUm  of  the  e£foot  from  an  active  area.  It  leads, 
also,  very  quickly  to  drowsiness  and  sleep.  Removal  of  occipital  lobes  prevents 
the  obtaining  of  conditioned  reflexes  from  individual  visible  objects,  although  it  is 
still  possible  from  vMrion»<  int^-nsities  of  illumination.  Otlier  rases  might  lie  given 
in  which  parts  of  the  brain  had  been  removed,  resulting  iu  abolition  of  tho  power 
of  obtaining  certain  kinds  of  conditioned  reflexe^  but  retaining  that  of  othen. 
An  animal  might  thus  be  spoken  of  as  an  idiot,  incapable  of  education,  so  fsr  ss 
certain  systems  were  concerned,  but  rational  in  other  systems. 

It  will  be  clenr,  from  some  incidental  f:icts  mentioned,  tliat  an  opporf  unitv  is 
presented  for  the  investigation  of  the  piienoinena  of  hypnaais  and  of  slffji.  As  a 
working  bypothesin,  we  might  suppose  that  hypnosis  is  associated  with  a  condition 
of  acUve  inmbition,  sleep  as  that  condition  of  inactivity  of  the  p^irts^of  the  brun 
associated  with  consciousness  which  foIlovN  s  on  inhibition,  if  no  further  exdtatoy 
stimuli  are  supplied.  It  mnv  he  r  ei^.n  led  as  a  zero  state,  neither  excitation  iior 
inhibition  ;  all  excitatory  stimuli  U'lng  first  removtHj  by  inhibition,  which  itjscif 
Uieu  also  clinappears.  See  also  Petrov  (1U16)  and  Pavlov  and  W  oskressensky  (1916). 

If  the  cerebral  cortex  is  completely  removed,  no  conditioned  reflexes  can  be 
formed  at  all.  It  appears,  then,  that  the  cortex  is  the  organ  for  appropriate 
adjustment  to  tho  varied  combinations  and  changes  in  the  outer  world. 

A*^  n »!:fanls  the  m'-thorln  to  bi"  used  in  these  researches,  it  will  be  obvious,  from 
wliat  has  been  said  as  to  the  interference  of  chance  phenomena  with  the  establi-sh- 
ment  of  a  coildftioiied  reflex,  that  a  properly  fitted  laboratory,  in  which  til 
extcaneous  stimuli  are  excluded,  is  a  necessity  (Pavlov,  1911). 
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8m  aiSMk  the  poller  by  Anrep  (1920)  on  the  use  of  the  method  for  testing  auditory  sensibility. 
In  this  |viper  the  general  method  it  dflMKibed  Mid  VMioiu  imideiital  iMt^  snob  m  '* inhibitUMi 

of  iuhibition,"are  referred  to. 

F*vloT*8  address  given  at  the  Physiological  Congress  at  Gronuigeii  (FtatTlov,  1913), 
and  hui  paper  (1912)  should  be  read.  A  research  by  Orbeli  (1909)  may  be  refemd 
to  aa  an  exniuplc  of  some  of  the  kinds  of  work  done  already  in  Pavlov's  laboratory. 

Many  of  tlie  facts  de.scril)od  above  were  given  ma  by  Prof.  Babkin  and 
jL>r  Anrep,  who  liad  taken  par  t  in  numerous  experiments. 

Gooditioned  reflexes  have  beca  obtained  in  the  snail  (TUonipiiuu,  i*J17). 

SUMIIABT 

The  oGotrast  between  the  eflfecte  produced  by  reflex  stimolation  of  nervM  and 
thoae  pfodnoed  by  direct  stimnlatum  off  efferent  nerrea  is  dne  to  the  passage  through 
synaptic  membranes  in  the  fonner  case. 

The  increased  delay  in  the  case  of  reflexes  \%  not  owing  to  a  need  of  time  to 
make  the  i^ynapso  eonducting,  nor  fnr  "  ania'Vx>id  "  movement  of  cell  processes  into 
contact,  but  to  actual  j>a.ssai!;e  tlirotiL;}i  n  iftiistance. 

The  discharge  does  not,  a.s  a  rule,  ceaae  when  the  stimulus  ceaseH,  but  lasts  for 
a  varying  time  afterwards.  This  ajter-discharye  can  be  cut  short  by  inhihaiun, 
and  very  shaiply. 

Repeated  subminimal  stimuli  are  capable  of  evoking  a  reflex  ultimately.  In 
some  eases,  as  that  off  the  serateb  reflex,  a  single  induetkm  shock,  however  strong, 
will  not  do  sa 

Two  reflexes  making  use  of  the  same  final  eomnion  path  may  reinforce  one 
another.    This,  together  with  inhibition,  plays  an  important  part  in  reactions  to 

'*  constellations  "  of  stimuli. 

If  thp  skin  area  for  the  acratfli  reflex  is  stimulated  at  two  different  jKiints  with 
subnunnnal  inten«?ity,  both  stiuiuli  act  on  the  whole  centre  and  produce  the  rellez 
by  "  iuuueihatc  Hpinal  induction. " 

After  a  period  of  laiuiiition,  there  is  frequently  an  iuci^eased  excitability, 

which  is  not  shown  when  the  stimulus  is  merely  removed  for  a  period  equal  to 

that  of  the  unhifattion.   This  rAownd  is  not,  thercnbre,  dne  to  rest  lUone. 

• 

The  synapse  between  an  axis  cylinder  and  the  cell  body  or  dendrites  of  another 
neurone  will  only  allow  impulses  to  pass  in  the  direction  named,  and  not  from 
the  cell  body  Wk  to  the  axis  cylinder  of  another  neurone.  Tliis  has  beim  proved 
experimentidly  in  the  case  of  motor  neurones,  but  there  is  evidence  to  show  that 
the  .synap84*s  of  dorsal  root  tibr^  (sensory)  with  cells  in  the  spinal  oord  is 
permeable  in  lioth  directions. 

The  phenomenon  of  the  refractory  jx'riod  is  wf«]l  marked  in  rerfexes.  In  the 
case  of  tiie  motor  neurones  used  as  Anal  conmion  piith  by  the  scratch  reflex  and 
also  by  the  flexion  reflex,  the  long  refractory  period  must  be  situated  in  some 
neurone  on  the  aflhrent  side^  since  me  latter  reflex  is  not  rhythmic. 

When  the  eontradion  cl  a  group  of  muscles,  necessary  for  a  particular  reflex, 
can  be  opposed  by  that  of  an  anti^gonistie  group,  it  is  ffound  that  along  with 
contraction  of  the  one  group  there  is  relaxation,  by  inhibition  of  the  centre^  of 

the  other  i^roMp.  This  is  the  phenomenon  known  as  reciprocal  innn^'oflmi,  and 
waa  apprei  iatoi  by  Descartes  in  the  case  of  the  eye  muscles.  The  se4it  of  the 
inhibitory  component  of  the  reflex  appears  to  be  cither  at  the  synapse  with  the 
motor  neurone  of  the  final  common  path,  or  in-  an  intermediate  neurone  very 
doss  to  this. 

In  some  cases,  where*  smooth  muscle  is  the  efibctor,  there  is  reciprocal  innerva- 
tion of  peri]  hnal  ori<;in.  Thus,  stimulation  of  the  efferent  nerve  to  the  muscles 
Pauses  contrai  l  inTi  of  one  muscle  nJid  inhibition  of  its  antagonist.  The  claw  of 
the  crayfish  and  the  dilatation  of  tlie  pupil  nt.ay  bo  mentioned. 

Under  natural  conditions^  a  reflex  arc  is  played  upon  by  various  afferent 
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irapulsf^ff,  flome  inhihitory,  and  tlio  disoh.argo  dopendfl  on  the  algebnio  tmn  of  the 
whole,  as  shown  in  double  recijmjcal  innei'valion. 

Wh(Mi  the  relative  intensities  of  the  excitatory  and  inhibitory  stimuli  are  very 
nearly  balanced,  a  rhi/fhviic  discharge  results.  Tn  the  case  of  the  !ep,  this  is 
alternating  od  the  two  side^,  bo  that  stepping  i.s  proiiuced.  ExplaoatiunM  tiuggt^ted 
will  be  found  in  the  text. 

The  eil'ects  of  strychnine  and  of  chloroform  in  converting  inhibition  into  excita- 
tion, and  vioe  versA,  mow  thenuel  ves  in  reflexes  dealt  with  by  reciprocal  iniiemitiiin. 
This  aetion  is  not  exercised  on  the  final  common  path  itaelf,  bat  either  at  the 

synapses  of  ditferent  neurones  with  it,  or  in  some  previous  synapses,  aa  in  fact 
follows  from  the  seat  of  the  inhibition  itself,  aa  stated  above.  The  ef!r*  i  of  the  con- 
version of  inhibition  into  excitation  by  tetanus  toxin  in  willed  movements  and 
the  suffering  it  causes  is  described  in  the  text. 

When  reflexes  use  the  same  final  (x>mmon  path  for  different  purpo^^vs,  they 
may  either  reinforce  or  inhibit  each  other*  Even  if  they  both  excite,  they  may 
not  he  able  to  use  the  motor  neanmes  at  the  same  time^  if  tiiey  use  them  in  a 
different  way.  The  proprio-eeptora  of  a  mnade  are  of  nae  in  cutting  short  one 
reflex  and  preparing  the  arc  lor  another. 

There  are  numeroos  compound  reflexesi  in  which  the  result  of  one  sets  anolhBr 

into  play. 

The  intermediate  synapses  of  a  reflex  arc  are  comparatively  easily  fatigued, 
whereas  the  motor  neurones  themselves  are  not  so.  This  fa<:t  is  of  value  in 
preventing  the  occupation  of  a  particular  arc  by  one  reflex  for  too  long  a  time. 
Recovery  is  fairly  rapid.  A  reflex  may  cease^  therefore^  either  from  fatigue  or 
by  inhiUtion,  and  there  are  diflforences  between  the  two  cases  by  which  they  ess 
be  recognised. 

Reflexes  from  nocuous  stimuli  are  prepotent.  Their  receptors  are  probably 
free  nerve  endin^^s.    TIu;  stimulus  required  is  comparatively  laigSi  as  is  appropriate 

to  the  purpose  of  the  reUex. 

The  mechaoiam  of  autotomy  in  the  crab  is  described  in  the  text. 

The  difference  between  spinal  reflexes  and  those  in  wln'ch  the  higher  centres, 
ami  especrially  the  cerebral  cortex,  take  part  is  tlie  regularity  of  the  former  and 
the  ea8e  with  which  the  latter  are  modified  or  abiiiihhed  by  events  in  other  partaof 
tiie  central  nervous  system.  For  this  reason,  Pavlov  calls  Hie  Ibrmer  '*unoon* 
ditioned  "  and  the  latter  **  etmdUumedV  r^Usoot, 

Notwithstanding  this  faeti  Pavlov  has  devised  methods  faj  whieh  oonditioQed 
reflexes  are  amenable  to  experimental  investigation  and  obtained  many  valuable 
results. 

The  two  fundamental  mechanisms  involved  are  those  of  itmporaty  amoekUum 
and  that  of  the  **anaijf9er$,** 

By  the  former,  a  stimulus  presented  several  times  in  conjunction  with  as 
unconditioned  stimulus,  such  as  food  in  the  mouth,  has  ultimately  the  effect  of 

fxciting  salivary  secretion  when  presenffn]  alone.  It  has  become  a  conditioned 
retiex  and  presents  the  opportunity  for  tcMtinL^'  the  effect  of  varioua  other  stimuli, 
or  events  in  the  external  world,  on  cerebral  phejiomena. 

The  "  Analysers  "  are  the  sense  organs,  together  with  their  central  connectioii& 

The  prtwliK'tion  of  a  cotulitioned  reflex  nuiv  be  expressed  in  one  wav  by  saWo!; 
that  tlu'  reflex  arc  has  tiiken  on  a  new  afferent  neurone.  But  it  must  Ije 
reuieuihered  that  the  connection  with  this  neurone  is  very  easily  broken  or 
inhibited,  and  is  modifiable  in  various  ways. 

Inhibition  is,  in  fact,  the  most  ctimmon  fact  met  with,  as  in  the  expenuient^) 
of  Graham  Brown  and  Sherrington  on  cortical  stimulation,  as  described  on  page 
4B0.   It  aoay  even  show  itself  as  iniemal  inkibitutn,  when  the  proper  eonsuouBs- 
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tion  of  the  conditioned  reflex,  that  is,  foixi,  fails  to  be  presented  after  a  number 
of  repetitions  of  the  stimulus  for  the  conditiMncd  rt'tU-x. 

Other  ill!  <  i  rating  examples  of  inhii)ilinii  will  Ix?  found  iii  the  text. 

Certain  forms  of  condiiionod  reflex  obtain  the  mast<'r\  over  nociceptive  reflexes, 
contrary  to  the  case  of  spinal  reflexes.  Thus,  a  pciiiiful  stimulus  can  be  made  into 
the  sign  for  a  conditioned  reflex,  and  then  ceases  to  be  |foinful. 

Removal  of  portions  of  the  cortex  affects  permanently  the  possibility  ol 
eonditioned  reflexes  in  which  these  portions  take  part  normally. 

The  bearing  of  the  faets  of  inhibition  on  hypnosis  and  sleep  is  pointed  oat 

UTERATUBB 

Spinal  Ht^/leiKea  in  general. 

Shetruigloo  (1906,  pp*  1<288). 

Imeiprocal  Conduction, 
Fr5hlich  (1909,  2). 

sh.-i  i  H.gton  2). 

Rhylhmkc  Ke/iexes. 

Omham  Brown  (1912).  Vorbcs  (1912,  2).  Shtrrington  (1918,  1). 

F^Tlov  (1910, 1911, 1918;  1918). 
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CHAPTER  XVII 
RECEPTOR  ORGANS 

Orqamsms  of  all  kinds  maintain  their  existence  by  adapting  theraselve 
in  the  world  of  things  surrounding  them.  They  depend  upon  it  fo 
and  must  avoid,  or  defend  themselves  from,  other  organisms  which 
for  food. 

As  we  liave  seen,  nerve  fibres  themselves  can  be  excited  by  vr 
of  stimuli,  chemical,  electrical,  mechanical,  and  so  on.  But  it  will 
that  an  organism  is  the  better  equippe<l  the  more  delicate  its  w 
the  actions  of  the  outer  world.  Nerve  fibres  themselves,  in  fact,  re 
powerful  stimuli  to  excite  them.  Contrast,  for  example,  the  force 
stimulate  a  delicate  organ  of  touch,  such  as  the  human  skin,  with  th 
to  stimulate  the  trunk  of  the  sciatic  nerve  of  the  frog. 


Fio.  ir>9.    Fkke  nkrve  endisos. 

Intn-epithdial  nen-p  tOTiniiK-ttionii  in  thr  Inrx  nx.    fJul^n  method.    On  the  left.  stratifleH  ei»lthi 
riirht,  ciliaUxl  culumnar  vinUicliuiu.    n,  Nerve  tlbrcs  in  the  ooriiuiL 
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It  is  natural  to  suppose  that  stimuli  of  an  injurious  nature  would 
the  first  to  rosponded  to  in  the  course  of  ovoluti«m.  We  notice 
is  reiis<»n  i<»  iM-ilcve  that  free  nerve  endings  are  sufticient  for  the 
of  these  stimuli,  si  no*  it  is  not  desirable  that  a  stimulus,  too  weak  tc 
should  evoke  a  reaction  of  flight.  In  fjict,  we  actually  find  that 
endings  are  present  in  the  skin  (Fig.  159). 

THE  CHEMICAL  SENSE 

The  earliest  animals  arose  in  the  sea,  anfl  would  naturally  be  < 
great  variety  (»f  chonncal  substances  dissolve<l  therein.  Parker  (1915 
the  skin  of  fish  is  sensitive  t^o  acid,  alkali,  and  stilts,  also  to  ({uinine. 
that  it  is  the  hydrogen  and  hydroxyl  ion  concentration  of  the  two  fir 
the  active  properties.  It  i-equires  a  considerably  higher  coneentratic 
chloride  than  of  hydnwliloric  acid  to  stimulate  these  receptors,  alth 
concentrations  nse<l,  ImjIIi  wnul*!  Ik»  almost  comj»letely  dissociate 
numl^T  of  chlorine  iofis  would  1hi  pro[M>rtional  to  the  concentration 
sixiium  hydroxide  is  more  |Kjwerful  than  SAMiium  chloride. 

We  may  also  take  noU^  that  tin-  coiicrnt ration  of  arid  or  alkcili  rwjuirod,  al>c 
is  very  mucli  highor  than  that  to  which  the  rliflfercntiated  receptors  in  the  hum 
BCDBitivc.    This  fact  aug|;e8t8  that  d  in  free  nerve  endings  that  are  HtimuUted 
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Um  irritAiit  octton  of  the  BubsUnces  named.    Tina  view  ia  coufirnied  by  the  fact  lltAb  twtoc 
mohr  ngar,  which  eumoi  be  mippoted  to  bo  ooeiimu,  hM  no  eflaot. 

The  seoasB  of  taste  and  smell  are  higher  develofHoento  of  this  primitive 
cttemical  sense.  D€li<»te  special  receptor  organs  have  been  formed,  e.sj>evially 
in  the  lari'l  vertebrates.  That  of  .smell  has,  iinlee«l,  Ix'conic  a  kind  of  <li^t;uM^e 
rfu-plor,  of  great  iniportauce  in  many  animals,  nwing  to  the  stimulant  substance, 
beiog  coDveyod  by  air  or  water.  It  miglit  be  thought  that  the  name  of  smell  * 
slHKiUi  be  ooiifii)ed  to  the  appreciation  of  ▼apoun^  hut  it  nrast  b»  remembered  that» 
before  acting  on  ieoeptora,  these  vapours  must  enter  into  eolntion  in  the  liquid 
covering  the  receptors.  There  i.s,  llierefore,  no  suffiei»'nt  reason  to  make  a 
ilistinction  between  this  sense  in  the  sliark  and  in  tlie  do;:*.  It  m  obvious, 
however,  that  transmission  through  the  air  l)y  currents  is  more  rapid  than 
thraugh  water,  and  tel^  ibr  ihia  reaeon,  the  growth  of  the  meehaoMwi  ai  a 
distanoe  receptor,  becomes  more  obvious  in  hmd  animals.  Hie  nature  of  smell 
as  a  distanoe  receptor  in  fishes  is  discussed  by  Parker  and  Sheldon  (1913). 

The  sense  of  hislt'  is  much  less  clelicjUv  than  that  of  smell,  and  cannot  be  said 
play  a  great  }»art  in  tlie  growth  of  the  higher  nervous  aystems.    It  has  scarcely 
any  distance  clement,  even  in  its  most  developed  form. 

It  iti  remarkahlu  that,  even  in  thv  higher  vcrli  i)iat«.s,  thu  Hens«r>'  neurotica  of  .snu-ll  receptors 
have  retained  their  primitive  condition  of  flell  brxly  in  the  epithelium  it«elf  with  nerve  prooessea 
paminL'  into  the  contral  ^aii;;Uon.  But  it  seem.*"  <louKtfuI  wht-tlier  this  fat  t  ult^t^^elbf^r  jtiHtifics 
the  view  suggested  by  Parkor  (1912)  tliat  tho  sviisu  uf  Kiuell  ruuruiieiiU  the  anucstral  clieniiuAl 
9eu«e.  Tho  epiiheliM  oella  would  very  early  form  chomicnl  produota  hf  tin  action  of  external 
clicmical  agent's,  ]»rMiirt.=»  of  «uch  a  nature  as  to  fitiniulatv  tlic  fn-f  ni-rvf  '-ndings  between  tho 
epithelial  ct'lb  and  Lium  furut  a  common  baaig  from  niutJi  ihu  ntun-  (i'-licate  mechanisms  of 
•mell  mmI  taste  have  been  developed.  At  the  saino  time,  wc  mast  be  careful  in  limiting  theee 
nrtivitip?  to  purely  chenii' nties,  shn  v  it  is  difficult  to  imagine  any  chemical  property  common 
to  lead  act;tate,  saccharin  and  ghitx>sti.  The  acid  tafito,  apparently,  is  merely  a  question  of 
hydn^n  ion  ooooeDfcraiion,  and  it  is  not  ditfioalt  tomppoM  the  existenoe  of  some  peripheral 
ebemieal  mbeUiMie  very  teii|iUve  to  thia  faoior. 

TOUCH  RECEPTORS 

In  addition  to  the  action  of  chemical  substances  in  Uk-  water  surrounding 
them,  primitive  orgimisms  are  oxp<n;(vl  to  contact  with  uther  objects.  Such 
contacts  probably,  at  first,  acted  as  nocuous  stimuli  merely,  of  a  nature  in- 
distinguishable  frt»m  one  another,  but  evoking  tho  powerful  nociceptive  reflexes. 

It  is  curious  that,  according  to  CtjIiniR  im  (1912,  2,  p.  1 12),  tho  iuoIIukus  known  aa  "  Hetero- 
t-xIh"  are  inaenaitive  to  the  nrfsenc-u  of  food  until  it  comes  into  contact  with  them,  apparentiy 

iwiTi^'  ttnable  Ui  appreciate  it  l»y  chemical  sense  or  by  vision,  allluiugh  they  possew  pyos.  After 
biting  an  object,  however,  they  appear  to  recoj^iiise  by  taste  wiiether  it  is  ht  for  Unnl  or  not. 

From  the  varied  etlects  produced  by  substances  in  contact  with  the  skin,  the 
elaborate  system  of  skin  receptors,  as  we  know  it  in  oorselves,  has  been 
diiferentiatea.  But  before  we  proceed  further  to  the  consideration  of  the  higher 
sense  organs,  and  especially  of  the  distance  receptors,  a  few  additional  introdaetory 
resharks  ol  a  general  nature  are  necessary. 

THE  RECEFIOR  MECHANISM  IN  GENERAL 

Organisms,  as  remarked  al>ove,  are  thi-  better  provided  for  their  adaptation  to 
''hanges  in  tin  ir  i-nviroiiment,  Hip  ijrfnlt  r  the  numl)er  and  variety  of  external 
phenomena  which  they  are  capable  of  appreciatiiiL,'.  To  be  aware  of  thinp;8  hapf>en- 
ing  at  a  distance  gives  opportunity  for  preparation  to  meet  them  before  ihey  actually 
srrlva  Hence  tim  great  advance  in  animal  or^nisation  with  tiie  development 
of  organs,  such  as  the  eye  and  the  ear,  which  enable  things  at  great  distances  to 
impress  tliemstdves. 

It  is  nl^o  very  necessarv  thnt  nutnv  events  <»cciirrinff  in  th<»  »irf«;;intHtn  itsrlf 
should  be  niuiio  known  to  the  nerve  centres.  We  liavt',  h.h  wt'll  a.s.  ext*?r4>  cept<»r8, 
intero  ceptors,  as  they  are  called  by  Sherrington,  and,  amongst  tlie^»e,  the  proprio- 
cq>torB  are  of  great  importance.  These  are  the  receptors  in  an  active  organ  which 
give  information  to  the  centres  of  the  state  of  activity  of  this  organ,  and  are  thus 
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the  means  Mi  tiiKueiicing  it  retlexiy.  We  shall  see  the  part  played  by  these 
reoepton  io  discassing   plastic  tonus"  in  the  next  ehi^ter. 

An  illnatntioii  may  aarist  here.   Sappote  a  gunvral  oomiiiaii<Jing  a  battle  in  which  oet ml 

reptmenta  »n»  pn'^r:»i:*^^  -tnfl  ftfriiffing  over  a  wide  urea.  It  is  clo.ir  tli.ii,  in  order  th*l  * 
p.iittcular  movuintjiil  tiittv  lie  etluctively  ordered,  it  i«  necessary  Un-  thu  general  to  ku4#w  ibdi 
the  previous  order  haa  been  carried  oat.  The  messAgo  may,  i>erhaps,  not  have  todUud  tk« 
body  of  troops  in  ouestion.  Again,  since  we  judge  of  the  distaiuf  f»«?tween  one  inacoesfiiHIe 
object  and  another  bv  movement  of  the  eyes,  the  centres  must  tie  miide  aware  that  the  eyt 
muscles  have  actually  executed  the  movement  intanWi  kDOwfe^pe  of  the  »endiiig  tn 
afiaraot  impulse  is  not  suthcient  nf  it^<-lf,  for  th«  nerve  may  have  been  nnabk}  to  conduct  it. 

As  regards  thn  variftv  of  «'\t4'rriiil  foivos  for  whit-li  m'usc  orjjaris  have  Vwv»n 
evolvtxj,  it  is  not  to  be  forgotten  that  there  uiay  be  furuis  of  energy  for  wbuh 
we  have  no  appropriate  receptors.  Moreover,  it  is  possible  that  other  animaLs 
than  ourselves  may  be  able  to  appreciate  phenomena  of  which  we  are  unawara 
Quantitative  difference.s  of  this  kind  are  familiar.  Wo  have  no  appn>priata 
receptors  for  ultra-violet  lights  The  cat  is  able  to  hear  notes  higher  in  pitch  than 
man  can,  and  so  on. 

Further,  a  form  of  energy  which  we  know  by  physical  experiments  to  be  one 
and  the  same,  such  as  radiation  from  the  sun,  is  known  to  us  as  light  or  as  heat, 
according  U>  the  particular  receptors  on  which  it  falls,  although  the  only  dilforeno» 

is  in  rate  of  vibration.  More  precisely,  a  particular,  Sfimewhat  narrow,  range  of 
rate  df  vibration  or  wave  lenj;th,  appears  to  the  »*ve  as  lirjilt,  lon^^'or  «»f  v),,,i  ter 
wave  lengths  are  unappreciated ;  but  the  long  wavers  which  liave  ni>  ertett  un  the 
retina  are  able  to  stimulate  certain  receptors  in  the  skin  and  are  then  called  hmL 

We  see  thus,  that^  in  order  that  a  particular  form  of  energy  amy  be  able  to 
produce  a  propagated  disturbance  in  the  receptor  neurone,  what  is  necessary  is 
that  a  mechanism  of  some  sort  shall  be  present  in  which  chantjes  shall  be  producetl 
of  sufficient  nja;^riitude  to  excite  the  nerve  tibn!s,  although  the  incident  enPTjv 
itself  may  be  far  Ux)  small  tu  do  so  if  it  acted  directly  on  the  nerve.  How  suiall 
an  amount  of  energy  is  able  to  produce  such  a  nerve  ftnpulse,  if  \%  acts  through 
an  appropriate  receptor,  is  shown  by  the  calcnUtion  of  Y.  Henri  et  Largiuer  des 
Bancels  (1911,  p.  856),  who  found  the  retina  to  be  Bennitive  to  an  amount  of  light 
en^T'^'V  as  small  as  H  x  in  i-  ».ri^s  This  ;iU»Mt  tim  e  thousjind  times  as  sfrxiHvf 
as  the  most  rapid  pin it«iM| apinc  plate.  Thesje  consuicrations  natunilly  lead  us  l*> 
expect  tiiat  the  nature  of  tite  receptor  organ  will  vary  greatly  according  to  th« 
particular  form  of  energy  to  be  detected ;  just  as  we  use  a  galvanometer  to  detect 
electrical  currents,  a  thermom<*t  «  t  f  a-  lieat,  an  actinonieter  for  light,  and  80  on. 
Tt  is  also  ini>trm'ti\o,  in  view  of  the  facts  to  In*  considered  in  tlie  next  paragraph, 
to  reni(»nilx»r  that  it  is  posKihlo  to  detect  and  measure  all  forms  of  enerjijv  bv 
con\erting  them  into  electric  currents.  Heat,  by  the  use  of  a  thermopile  a.^ 
receptor,  sound  by  a  telephone,  ordinary  kinetic  energy  by  using  it  to  turn  a 
dynamo,  chemical  energy,  as  that  of  the  neutralisation  of  a  base  by  an  acid,  bv 
the  use  of  the  hydrogtm  clo<H«ode,  or  indiro(;tly  by  conversion  to  heat  and  tJben 
by  the  thermopile,  can  all  bo  converted  into  ^('otnc  eurrents  in  w  wire,  just  as 
in  our  receptor  organs  of  sens*'  thev  are  converter!  iiilo  luM  ve  nnpuises.  'I'here  Is 
however,  a  difference  to  lie  noted  \  in  the  sense  organ  a  small  incident  energy  is 
caused  to  set  free  a  larger  amount  of  energy  by  what  we  may  call  a  "trigger" 
action;  as  if,  in  our  physical  instruments,  wi>  alwajrs  made  u.se  of  what  is  known 
as  a  "relay,"  such  as  is  done  U)  magnify  the  energy  of  the  elirctrical  waves 
receivfxl  in  wireless  telegraphy,  wln-re  a  minute  amount  of  energy  is  caused  to 
complete  the  circuit  of  au  nxiepeudoiit  battery,  and  to  set  in  action  a  much 
greater  quantity  of  energy,  which  can  readily  be  detected. 

MuUtr^9  Law. — We  saw  in  Chapter  XIIL  that  all  evidence  points  to  the  fict 
that  there  is  no  <litfercnce  Iwtween  forms  of  nerve  disturbances.  Ttnpulses  may 
follow  one  anotlii  r  at  different  rat<'s,  within  the  limitations  f»f  the  refractorr 
peri(xl,  but  thf  iiuiividunl  impulses  are  in  all  cases  alikt*.  witli  the  single  exception 
of  those  tliat  follow  immediately  in  the  wake  of  a  previous  disturbance.  Even 
here,  the  first  disturbance  is  a  normal  one  and  those  that  follow  only  diflbr  fiom  it 
in  magnitude.  ^This  bdng  so,  impuliies  produced  in  the  optic  nerve  by  light  os 
the  retina  are  identical  with  those  produced  by  sound  in  the  auditory  nerve^  by 
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touch  in  tln^  skin  nerves,  and  so  on.  Tt  is  obvious  that  tho  difTerenceH  roeognised 
hv  the  or^anisjn  must  !>«  due  to  "analysers'*  in  tlie  central  nervous  system. 
Jsomething  has  already  been  said  on  this  point  in  discussing  Pavlov's  conditioned 
nflexes  (pages  5034K)4),  and  attention  may  be  called  to  Fig.  158  (page  504).  We 
meet  with  the  phenomenon  i^in  in  the  form  of  MuUer's  law  of  specific 
energies,"  as  he  called  it  (1843,  p.  1065).  The  word  "energy"  is  unfortunate 
hore,  since  it  is  in  tlie  <?en8e  merely  of  "endowment''  or  "property"  and 

Muller  himself  uses  it  interchangeably  with  "quality."  The  law  amounts  to  this, 
that,  however  excited,  each  nerve  of  special  sense  gives  rise  to  its  own  peculiar 
•eoaation.  Mfiller  also  (1826,  1840,  and  1843)  points  out  that  the  same  external 
cuuse  may  excite  a  different  sensation  in  different  sense  organs.  "Sensation 
M  not  a  conduction  of  a  condition  of  certain  external  bodies  directly 
to  consciousness,  but  the  conduction  of  a  state  of  a  particular  nerve,  and  the 
excitation  of  each  nerve  of  special  sense  has  its  own  peculiar  sensation,  which 
cumot  be  replaced  by  that  of  any  other  nerve." 

Sir  Chas.  Bell  (lft23,  2,  p.  904),  in  a  leas  olear  nuuiner,  eaUed  attention  to  the  fact  that 

stimulation  in  any  w  ay  of  a  nerve  of  special  sense  alwiivs  gives  rise  to  the  seni^ation  which  is 
aormaUy  aaaooiated  with  the  appropriate  ttimulation  ot  the  receptor  organ  at  the  end  of  the 
Mrra.  flt«»  he  taya,  gives  no  aeasation  of  heat  when  applied  to  nerves,  exoept  to  those  of 
thf  fikin  or  other  Burface.'  Tho  retina,  pricked  hy  a  pm,  give*  no  tactile  sensation,  hut  a 
tlaah  of  light.  Whatever  mav  be  the  nature  of  the  stimulus,  pressure,  vihration,  heat, 
•leotrldty,  applied  to  a  nenre,  the  perception  evoked  is  related  to  the  nature  of  the  end  organ, 
not  to  that  of  the  stiBMllmB  acting  on  the  nerve. 

The  fact  that  sensation  of  light  is  evoked  by  section  of  the  optic  nerve  is  often 
brouiiht  as  proof  of  the  statement  l)efore  us,  but,  since  a  slight  pull  on  the  retina 
very  easily  excites  the  receptors  there,  it  is,  by  itself,  only  evidence  that  the 
mechanical  stimulation  of  the  retina,  as  well  as  that  by  light,  can  produce  the 
special  sensation.  The  best  proof  is  that  afforded  by  the  trunk  of  the  chorda 
tympani  nerve  lis  it  passes  thi*ough  the  tympanic  cavity,  as  referred  to  above 
^pa;,v  3S8).  A  sensiition  of  taste  is  prodnoed  by  either  mechanical,  chemical,  or 
electrical  stimulation  at  this  point. 

Why  these  nerve  impukes,  alike  in  themselves,  give  rise  to  such  widely  diffiareot  sen ^^at  ions 
when  fkey  arrive  at  their  reepective  cerebral  terminatkms  is  a  natter  oeyond  the  scope  of 

p{iysiulot,ncal  analysis.  We  have  to  m  .1,  '  use  of  the  fact,  tO  a  oertsin  extent,  in  the  inveetiga- 
(iao  of  the  laws  of  action  ot  tlie  i)eripheial  receptors. 

The  next  poitit  to  be  noted  is  that,  however  thetie  receptors  themselves  are 
excited,  whether  the  stiniului*  is  one  for  which  they  are  specially  adapted  or  not, 
the  sensation  evoked  is  the  same.  Thus,  there  are  certain  spots  in  the  skin  which 
give  rise  to  a  sensation  of  heat,  oven  when  exdted  electrically  or  mechanically, 
while  there  arc  others  which  give  rise  to  a  sensation  of  cold  when  similarly  excited. 
The  important  is  that  spei  ialised  receptors  are  much  more  sensitive  to  their 

appropriate  stimulus  tiian  to  any  other.  An  electrical  stimulus  strong  enough  to 
excite  a  heat  spot  excites  also  a  cold  spot  or  a  pressure  spot,  whereas  a  warm  body  is 
able  to  excite  a  heat  spot  when  its  stimulus  is  too  weak  to  excite  any  other  kind 
of  receptor.  A  warm  surface  thus  stimulates  only  the  heat  spots,  until  its 
temperature  is  raised  sufficiently  hvzh  to  be  n<>.«uons  and  to  eause  pain.  It  is 
p>s.sible  that  the  inappropriate  stimulus  needs  to  be  strong  enough  to  excite  the 
actual  nerve  fibres  themselves,  in  which  case  we  are  clearly  dealing  with  Muller's 
law  iteelf . 

Wel>''r's  Law. — As  this  law  is  of  general  application;  it  may  properly  \ye 
referred  to  here.  Tt  refers  to  tlie  increase  of  the  sensation,  as  related  to  that 
of  the  stimulus,  and  states  that,  in  order  to  produce  a  just  detectable  difference  in 
sensation,  an  equal  fraction  of  the  stimulus  must  l>e  added  to  it,  whatever  its 
value.  Suppose  that  we  oouhl  just  detect  the  difference  between  10  g.  and  11  g., 
it  would  be  necessary  to  add  100  g.  to  a  kili^gram  before  the  change  was  notic^. 
Thus  to  increase  a  weak  sensation  by  a  given  amount  requires  a  addition 
tc)  the  .stimulus  than  to  inrrea^se  a  stmng  f5ensati<in  bv  the  same  amouTit.  The 
law  is  a  particular  as^>eet  of  a  law  fn  <jueutly  met  w  ith  in  natural  phenomena. 

It  may  be  put  in  another  form.  To  excite  a  series  of  sensations  differing 
by  equal  increments,  the  stimuli  must  increase  in  geometric  proportion.  If 
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the  logaritbmii  of  the  stiumli  are  plotted  bjh  al^iss>ae>,  ami  the  sensations  as 
ordinates,  a  straight  line  is  produced.  Victor  Henri  et  Largnier  des  Baac^ 
{1912)  point  out  that  the  hbw applies  to  N-ision  in  the  middle  of  the  range  of  itisnati 

only.  The  curve,  drawn  as  above,  with  logarithms  as  ab«ciss«*,  is,  as  a  whole, 
of  an  S  shape.  Similar  relations  Hetween  «tiriiu1i:>  and  effe<"t  app!v  to  the 
electrical  changes  in  the  retina,  according  to  the  results  of  i>e  Haas,  and  al»o, 
as  regards  the  middle  region,  where  the  cur\'e  is  practically  a  straight  Une,  to 
the  action  of  ultra-violet  light  on  Cychpt^  as  studied  by  Mme.  Victor  Henri  ci 
Victor  Henri,  whose  work  will  be  referred  to  in  a  futui-e  chapter.  The  oondasion 
to  ])e  drawn  is  that,  in  all  probabib'ty,  Weber's  law  rests  on  physiokgical 
phenomena  as  its  basis. 

THE  RECEPTUHS  IX  THE  SKIN 

pasK  on  to  rrfpr,  somewhat  bnefly,  to  certain  facts  regarding  the  diilierent 

kin<i>  <  if  sense  receptors. 

<  )u  iiig  to  its  int^rast  and  importance  ami  |jaitly,  perhaps,  on  account  of  the  coiaparatiTe 
eaKc  \Mth  which  it  <  iin  be  invMtigated  up  to  a  certain  p<^)int,  this  branch  d  phjnaoiogy  has 
pr»Kluce«l  RH  much  work  a«  any  other,  prohaldv  more.  Certain  individiml  sen«M»  organs,  as  the 
eye  and  the  ear,  have  large  textbooks  and  nienioirs  tlt  v<*ted  to  them  alone,  or  e%en  to 
particular  aspect*  of  them,  as,  for  example,  the  refractive  properties  of  the  dioptric  tystenj  ol 
the  eye.  I  must  be  content,  thereforf.  wjt)i  referring  the  reader  to  some  of  these  memoirs  for 
the  greater  poit  of  the  iufurmation  available  (see  the  list  of  literature  at  the  end  of  tbi^ 
chapter^ 

It  in  well  known  that  a  variety  of  sensations  are  obtained  by  means  of  tl>e 

fkiu.  Heat  and  cold  have  been  already  referml  to ;  these  were  shown  by  Blix 
(18>*l)  to  iirisp  from  distinct  spotK,  an  also  the  sensp  of  pressure.  Von  Frcv 
isiiuwt'd  that  tiicre  are  also  distinct  ])ain  spots.  To  tlu*  latter  investiirati»r 
we  owe  most  of  our  knowledge  on  the  question,  and  his  article  (1 913)  may  be 
read  with  profit  Von  Frey*s  use  oi  delicate  hairs,  the  degree  of  pressure  exerted 
by  each  being  determined  by  the  weight  required  to  bend  it,  should  be  mentioned. 

Tt  ifi  impossible  t«i  ;^'ive,  at  present,  an  adequate  explanation  how  small 
differences  nf  heat  arul  cmM  ai<'  ma^nitit-d  svitliciently  to  excite  nerve  fibres. 
Variouti  possibilities  might  \h£  meatione<l,  such  as  a  chemical  reaction  greatlj 
accelerated  by  heat  or  some  physical  medianisni  making  use  of  expansion  to  cause 
pressure.  Piessure  stimuli  themselves  may  perhaps  be  increased  by  some  kind 
of  lever  action,  m  in  the  case  of  the  long  brintles  forming  the  whiskers  of  the  cat, 
which  sfy>m  to  be  sensitive  even  to  air  currents,  since  it  is  difficult  otherwise  to 
suggest  an  explanation  <>f  their  guiding  power  in  the  dark. 

The  vai  iuus  modihcati<ms  of  the  sense  of  touch  are  brought  about  by  combina- 
tion of  movement  with  contact,  by  which  a  series  of  sensitive  points  is  excited, 
or  the  same  spot  by  a  series  of  stimuli  occurring  at  different  rates. 

In  this  latter  connection,  the  possibility  may  Ik?  referred  to  that  a  nerve  fibre  may  have 
synapses  with  two  ueurmies  and  that  the  refractory  period  in  one  synapse  may  be  longer  xlum 
in  the  other.  Thni>,  a  slow  rate  of  stininlt  may  paM  both  tmaltered,  while  a  mpid  rate  will 
jMkss  only  one  unalten-d,  J>eing  re«luct,«l  {•<  ;i  -l^w  rate  in  the  other  one.  In  thi^  W'ly.  theie 
seems  to  be  an  indication  of  the  way  one  nerve  fibie  might  serAe  to  convey  impulses  giving 
rise  to  different  sensations.  An  economy  of  nerve  fibres  might  possibly  be  bronght  about,  a 
jKiint  «»f  importance  in  connection  with  the  ver}'  tine  gia<liiti"iiv  in  tiu-  higher  snises.  l>ut  it  u 
purely  hypotheticaL  There  is  another  point  to  be  remembered  here.  The  roughoess  of  a 
surface  appears  to  he  the  same  although  the  finger  is  moved  over  it  at  different  rates.  This 
fa'  t  iiidicatt  s  tli  il  it  is  not  merely  ilie  ilifTervuf  niiniUT  of  -tinmli  iifTc  ting  tlu-  iKTvt-  t-tii^ijij,' 
in  a  given  time  that  conditions  the  nature  of  the  scmtation,  but  ttuit  this  is  combined  with  tiio 
•ensotlon  of  movement  given  by  the  nmscular  sense.  tk>  that  doubt  is  osst  en  any  intsipreta. 
tion  whi<  h  assume!*  that  the  absolnte  number  of  ftiimuli  per  second  ia  a  ooutroUlDg  fs^or  in 
ditlerent  sp-cifs  <»f  teii.'Uitions. 

Pi'ttiojHiihic  and  Kpicritu;  Sru-olnl >t}/. — Tins  is  the  appropriate  place  to  refer  to 
the  experiments  uf  Head,  liivers,  and  Sherren  (1905)  on  the  time  of  regeneration 
of  various  skin  sonsationf).  Head  caused  to  be  divided  the  radial  nerve  (a  purely 
sensory  nerve)  in  his  .>\v  n  arm  itid  ol>servati»>ns  were  then  made  on  the  retuminjj 
sensibility.  The  results  led  him  to  n  i;  ud  the  sensations  derived  from  the  appli- 
cation of  stimuli  to  the  hand  to  be  of  three  different  groups :  protopatbtc,  epioriUc, 
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luvl  dwp.  The  last  graup  is  derived  from  receptors  in  the  deeper  structures  and 
appears  to  bavd  given  rise  to  some  error  in  previous  experiments  on  the  time  of 
regeneration  of  sensory  fibres.   The  whole  oi  the  deep  stracturee  in  the  hand,  for 

example,  are  not  supplied  by  the  same  nwve^    The  prt^opathic  9tf8tem  is  common 

to  the  whole  body.  It  regenerates  more  rapidly  than  th(>  opicn'tu;  ^vtem  and  is 
of  a  mviv  piiniitive  nature.  The  position  of  the  point  suniuiaLed  cannot  be 
recognised  and  a  widespread,  radiating  beiiiiation  arises  from  it.  The  receptors  do 
not  appear  to  be  as  sensitive  as  those  of  the  other  types  but,  when  excited,  the 
e£bct  is  a  powerful  one.  In  the  skin,  they  respond  to  painful  stimuli  and  to 
extremes  of  heat  and  cold.  The  receptors  of  r/"7>  iie/usihiliti/  answer  to  pressure  and 
to  movement.  The  tibres  from  the  limbs  run  in  tiie  mott>r  nerves.  The  system 
i>f  Pacinian  bodies  is  associated  with  deep  sensibility.  The  epicritic  system  is  a 
highly  dilferentiated  one  and  regenerates  very  slowly.  It  is  only  found  iu  the 
skin  and  endows  it  with  sensibility  to  delicate  touch,  with  the  power  of  localisation 
of  stimuli,  of  distinguishing  two  points  and  of  discriminating  fine  degrees  of  heat 
and  cold,  together  with  the  other  forms  of  special  sen^^ition.  Tt  is  ohviouslv  the 
system  eonuected  with  the  development  of  specialised  receptors  juid  the  intellectual 
puwers  resulting  from  them.  Full  details  will  be  found  in  tiie  paper  by  Head  and 
Rivers  (1908).   Page  May's  article  (1909)  may  also  be  consulted. 

SMELL 

It  is  impossible  to  make  a  distinction  between  the  differentiated  chemical  .sense 
of  water  animals  and  that  of  smell  in  land  animals.   We  are,  therefore,  justified  * 

in  regarding  the  delicate  appreciation  of  the  neighbourhood  of  certain  kinds  of 
<'bject8,  an  endowment  which  can  be  shown  to  be  independent  of  sight  and 
j ' '^spssed  by  so  many  marine  animals,  as  a  form  of  the  aense  which  we  know  as 

.■^meli. 

great  enemy  of  the  scallop  is  the  starfish,  so  that,  as  soon  as  litu  neat*  presence  ot  ii 
•tufbb  w  ceoognised  by  (be  tnolluHC,  ite  oiirk)ua  Hwi mining  movement  is  executed  oy  this  laitei 
•iml  it  escapes  Wyond  reach  of  its  enemy.  Ahh"u^'h  the  softllop  possesiies  numerous  well- 
ileveli)ped  eyea  around  tlie  edge  of  the  mantle,  stiiruUaLion  of  tliese  by  the  shadow  of  the  enemy 
is  not  sufficient  to  excite  flight,  for  the  reason  which  we  shall  see  presently.  But  W.  J.  Dakin 
'Me  von  Uexkiill,  1912,  p.  320)  sho\ve<l  that  a  small  quantity  of  au  extract  of  ftarfish,  drop{)ed 
hy  a  pi^'tte  in  tlio  neighbourhood  of  a  scallop,  causes  an  immediate  swimming  away.  This  ia 
a  ctctt  uutance  of  the  difierentiated  chemical  sense  which  we  may  call  smell. 

A  detailed  investigation  of  the  sense  of  smell  in  higher  vertebrates  has  been 
made  by  Zwaardemaker  (1902).    It  may  become  of  a  most  extraordtnaiy  delioacy, 

tiius:  ^JLjy  nig.  of  mercaptan  in  230  cuV>.  in.  of  iiir  can  be  detected,  and,  of  course, 
''nJv  a  few  cubic  centimetres  of  this  air  are  iiccessuiy  for  the  prixlurtiun  of 
liie  sensation,  so  tliat  soniewliere  about  1  x  10  *  nig.  is  suthcient  to  excite  the 
receptors  for  smell. 

The  paper  by  Parker  (1913,  2)  may  be  consulted  with  regard  to  the  analogies 
between  taste  and  smell.   The  latter  is  the  more  sensitive. 

PHOTORECEPTORS 

Radiant  energy,  from  the  sun  or  similar  source,  may  be  absorbed  by  the  skin, 

oonverte^l  into  heat  and  thus  e.xcite  heat  receptors.  But  light  waves  have  also  a 
|xiwerful  ctToct  in  producin*,'  many  chemical  reactions,  and  thf«e  chemical  changes 
Juay  be  sucli  as  to  stimulate  special  end  organs-  Further,  as  we  shall  see  in  more 
detail  in  Chapter  XIX.,  which  may  with  advantage  be  read  before  the  present 
flection,  any  particular  chemical  reaction  is  produced  only  by  a  certain  group  of 
^ave  lengths,  .so  that  the  possibility  is  presented  of  distinguishing  between  light 
of  different  wave  length,  that  is,  a  senHihility  to  colour. 

It  is  probable  that  appi^eciation  of  liglit  and  darkness  by  some  piioto  receptor, 
seu^iitive  to  a  photo-chemical  change  in  a  substance  with  which  it  is  in  contact, 
would  be  the  first  to  appear.  By  this  means  the  proximity  of  food  or  enemy 
would  be  recognised,  althou<di  the  aid  of  some  other  receptors,  probably  those  of 
a  chemical  sense*  such  as  smell,  would  tie  required  to  distinguish  between  the  two. 
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The  sea  anemone  appears  to  possess  photo-reoeptora  of  this  simple  kind  (aee  von 
UexkUll,  1909,  p.  71),  and  according  to  Parker  (1903  and  1905)  the  power  is 
also  present  in  the  skin  of  fresh-wator  fish,  such  as  the  Ammocnpte,  hh-I  ia 
numerous  amphibia  (see  also  the  nnonograj>li  ])y  Nai^el,  1896).  Parker  (i'>es  liot 
think  that  the  elaborate  eye  of  the  vertebrate  liai>  been  formed  from  this  priiuitivc 
sensibtlity  of  the  skin  to  light.  The  reoqitor  mechanism  of  the  rertebnte  eve 
is,  embryologically,  an  outgrowth  from  the  oentml  nervous  system,  so  that  it 
seems  more  probable  tiiat  the  photo-receptors  concerned  may  have  been  formed 
in  the  central  nervous  systeui  itself  of  a  transparent  animal.  • 

However  this  may  be,  it  is  obvious  that  a  mere  sensibility  to  light  and  sliade 
is  of  comparatively  little  value,  until  a  mechanism  is  developed  by  which  images 
of  external  objects  are  formed  on  a  sensitive  surface  composed  of  a  multitude  of 

elements  connected  with  separate  nerve 
fibres.  By  this  mean'^  a  picture  IS,  SO  to 
speak,  conveyed  to  the  brain. 

A  fully  developed  eye  consists,  then,  of 
some  dioptric  meohanism,  corresponding  to 
the  lens  of  a  photographic  camera,  togethet- 
with  a  layer  of  a  photo-chemically  active 
substance,  like  the  silver  bromide  of  the 
plate.  In  the  eye,  we  have  aUo  endiugii 
of  a  large  number  of  nerve  fibres,  attached 
to  complex  receptors,  which  serve  to  |>ro- 
dttce  nerve  impulses  from  the  photo-chemical 
changes.  This  part  is  called  a  retina.  It 
is  aLno  necessary  tliat  stray  light  should  be 
kept  out  by  hu  arrangement  like  that  ol 
the  camera  bellows  and  the  dark  slide.  This 
is  done  by  pigment  cells«  which  absorb  the 
light.  Fig.  160  shows  a  simple  eye.  The 
complex  structure  of  the  retina  of  the 
vertebrate  may  be  seen  in  Fig.  161  (from 
the  monograph  by  Kamou  y  Cajal,  1894). 
It  is  to  be  remembered  that  the  periphersl 
receptor  mechanism  proper  consists  of  the 
rod  and  cone,  and  perhaps  of  the  pigment. 
Liver  ;  th«'  otlier  layers,  as  will  Ije  seen  fmm 
tlie  figure,  consist  of  neuronef*,  interpose^l 
between  the  actual  receptor  neurones  and 
the  nerve  centres.  The  retina  thus  con* 
sists  in  great  part  of  nerve  centres,  owing 
to  its  mode  of  development.  In  the  eye 
of  the  Cephaiopod,  whieli  is  a  highly  ditfer 
entiated  one,  similar  to  that  of  the  verte- 
brate, theee  intermediate  neurones  form  a 
distinct  ganglionic  mass,  outside  the  eye 
itself.  Tn  tliese  orjijanisrns,  also,  the  Hi^'iit  im{>in^es  directlv  on  the  re^-eptors, 
the  retina  not  l>einL:  inverted,  as  in  (he  \ei'tebrate,  where  the  incident  light  psases 
through  the  nerve  layers  bet'ore  peaching  the  ro<l.s  and  cones. 

Eyes  of  the  simple  kind  described  above  (cups  of  pigment  and  a  lens)  esdsteves 
in  unicellular  organisms  (Mast,  1916)  and  in  MeduSR  (Fig.  160),  but  it  is  doubCfsl 
whether  such  simple  dioptric  mecb  ini  n^^  can  do  more  than  serve  to  concentrate 
the  light  on  the  .sensitive  cells,  iu  Peoteu,  we  have  a  number  of  eyes  of  an 
elaborate  nature,  shown  in  Fig.  162,  from  iJakin's  monograph  (1909).  There 
are  here  a  number  of  separate  nerve  fibres,  and,  in  consequence,  the  possibility 
of  an  appreciation  of  something  approaching  an  image.  It  is  interesting  to  note 
that  the  arrangement  noted  above  in  the  vertebrate  retina,  namely,  the  pasMge 
of  the  light  thii)U!j:li  the  Tjerve  layer  before  reachincf  the  sensitive  subHtance,  i.H 
abo  met  with  in  Pecten.    The  fact  sugge^  that  there  may  be  some  reason  for 


Fkj.  lOO.    OcEi. r, fs   or  Lizzia 
KosLUKERt.^eeo  from  l^be  aide. 
After  treatment  with  dilute  osmio 
acid.    Obi.  F.,  Oc.  2. 
LeiM.  (After  H«rtwi£.) 
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the  arrangement,  in  addition  to  that  usually  given,  namely,  the  formation  of  the 
nerve  layer  by  in va^ nation  of  the  front  hemisphere  of  a  spherical  outgrowth. 

From  the  work  of  von  Uexkiill  (1912,  p.  329)  it  appears  that,  whatever 
image  may  be  formed  on  the  retina  of  Pecten,  no  response  is  called  forth  until 
the  object  moyes.  Further,  the  movement  of  any  object  excites  the  same  response, 
which  ia  a  pfotrusion  of  the  long  tentacles,  endowed  with  chemical  and  tactile 
sensibility.  The  object  of  this  response  is  obviously  to  obtain  farther  information, 
and  tlight  results  if  it  turns  out  Uiat  the  object  is  an  enemy.  Otherwise,  flight 
would  be  a  waste  of  energy. 

When  dioptric  apparatus  is  present  of  sutiicieut  accuracy  to  form  a,  clear 
picture  on  the  retina,  some  mechanism  is  obviously  neoessaiy  to  adjust  the  focua 
for  near  or  distant  objects.  In  land  animals,  the  chief  ref^Msting  surface  is  the 
curved  cornea,  since  the  reffactive  index  <tf  the  aqneous  humour  on  the  inner 
Ride  of  it  differs 
more  from  that 
of  air  than  that 
of  the  lens  does 
from  those  of  the 
liquids  in  which 
it  is  immersed. 

This  can  readily 
be  shown  bv  obser- 
vation on  tneeveof 
aik    albino  rabbit. 
Owing  to  the  ab- 
sence  of  pigment, 
the  image  of  a  dis- 
tant window  with 
onws-bars  can  easily 
be  seen  through  the 
outer,  selerotic, 
ouat  of  the  eyo-ball. 
If  a  microscope 
Klide  he  held  in  such 
a  positioo  as  nearly 
to  toQch  the  cornea, 
and  a  drop  of  phy- 
siological saline 
floltttioa  be  placed 
[jftwet-n  the  cornea 
and  the  ^Iass,  the 
image  disappears, 
sinct^  tho  refracting 
surface  is  now  a 
plane  ooe.   On  re- 
isiovin^   the  glasf?, 
the    image  reap- 
pears. 

In  fish,  tiiere- 

fore,  the  lens  has 

to  do  tho  chief  work  in  the  formation  of  an  iin^i^'e.  Accordinu'lv,  w*'  tiiiM  that 
its  curvature  is  very  much  greater  than  in  laud  animals,  the  lens  being  nearly 

spherical  in  shape.  *  ,  . 

Tn  land  animals,  the  chief  use  of  the  lens  is  to  adjust  the  focus  of  the  dioptno 
system.  The  curvature  of  the  cornea  is  not  made  to  change.  According  to  the 
work  of  Beer  (1S98-1901)  accomrm^ht'on  to  near  or  distant  objects  is  effected  in 
two  ways.  The  first  is  that  present  in  inv«M  tcbrates,  in  vertebrates  up  to  and  in- 
clusive of  amphibia,  together  with  certain  snakes,  and  consists  in  the  actual  change 
of  position  of  the  lens,  just  as  in  the  phot*  )graphic  camera,  ^e  second  mechanism 
is  found  in  a  few  snakes,  in  tortoises,  lizards,  crocodiles,  birds  and  mammals,  and 
consists  in  a  change  of  the  curvature  of  the  lens.  In  its  natural  position  in  the 
evo,  t)je  Ipus,  wliicli  is  t  lastic,  is  focussed  for  distant  objects,  owini:  to  the  way  in 
which  it  is  pullfd  upon  by  the  ligaments  holding  it  in  place,  wliich  cause  its 
curvature  to  be  a  Hatter  one  than  that  assumed  when  released  from  tension.  But, 


Fro.  161. 


The  retina  or  the  ma.— Prepared  by  Golgi's 
method.   In  Bectioa. 


0.  Cone  fll.rc*. 

6,  •'  (.Jramiles  "  and  flbrcs  of  roiU 

e,d,  llij>olar  tells  (inner  pranule*)  with  vertical  rainificationB of  their  outtr  procc'f*e«. 

In  the  centres  of  the  ranuflcatii-ri'  lie  the  enlarged  ends  of  rod  fibres. 
0t  Other  bipolar  cells  with  flatteiK-<l  rainifiostion*  Abutting  agskut  runified  ends  of 

cone  fibres. 
/,  Oiuit  bipoUr  cell,  with  flat  ramification. 
g.  Inner  mnule  cell  sending  axone  toward.^  rod  and  cone  tihrt- :i. 
A,  AmacraeceU  in  inner  molmnilwliijrcr,  frith  difltiwarborii^ 

1,  Aaccnding  ncrvs  ffiwc 
Centrifiunl  SbML 

w,  Nerve  fibres  wlifcli  beoooM  lost  in  inner  plexifom)  layer. 

n.  Ganglion  cells  which  form  qmspses  with  the  end  bnukches  oC  a  bipolar  cell  belonginf 
to  a  trroup  of  roda 

(Ramdn  7  Ckjal,  18M,  Taf.  V.,  Fig.  i2.) 
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by  the  contraction  ot  a  ring  of  muscle,  the  ciliary  niuscle,  this  tension  of  the 
ligaments  is  released,  like  that  of  n  stretched  coixi  of  iudia-rubber  would  be  if  ti>e 
attftohment  of  one  of  its  ends  were  pulled  nearer  to  that  of  tlie  other  end  In 
consequence  of  the  release  of  tension,  which  admits  of  degrees,  the  lens 
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~      '  Inner  branc 
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up.n.,  opt 

Mkiki.,  Inner  brandi  of  opto  atim 
0«.n.«.,  Outer  bnuidi  of  o|  ' 
JI.&1I.,  NncM  of  rod  odlk 
stalk. 


(Repnxliu  ed  from  \V.  .T.  Dakin's  raODOOmph  on  **  Pect«n,**  by 
pertniiiHion  ut  the  Liverpool  Marine  Ittorogy  Committee.) 

more  or  lees  the  form  it  takes  when  free,  that  is,  a  more  spherical  one  :  hence  it  is 
able  to  focus  near  objects  on  the  same  plane  on  which  it  previously  brought  distant 
ones  to  a  focus. 

At  this  point,  I  may  stop  for  a  moment  to  mention  that  this  mechanism  of 
a(  eoMiiiKKlation  was  first  made  clear  hy  Hehnholt/,  to  whom  we  owe  a  verv  large 
part  of  our  knowledge  of  the  eye  as  well  as  of  the  ear.    Although  we  have  already 
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met  with  his  name  in  connection  with  several  other  fundamental  phenomena,  such 
as  tlie  doctrine  of  energy,  the  electrical  double-layer,  the  rate  of  the  nerve  impulse, 
and  so  on,  this  is  perhaps  the  most  appropriate  place  to  call  attention  to  his 
portrait,  which  w^ill  be  found  in  Fig.  163  (given  by  the  kindness  of  Dr  J.  T. 
Bottomley,  of  Glasgow).  His  two  books  ou  •'Physiological  Optics"  and  on 
**  Sensations  of  Tone  " 
remain  the  standard 
works  on  the  subjects 
with  which  they  deal. 
A  third  exlition  of  the 
former  has  been  brought 
out  (1909-191-0)  by 
Gullstrand,  von  Kries, 
and  Nagel. 

The  function  of  the 
dioptric  system  of  the 
eye   is  essentially  a 
question  of  geometrical 
optics.    It  can  be  satis- 
factorily treated  by  the 
Gauss  method  of  reduc- 
tion to  certain  refract- 
ing surfaces  at 
distances  apart, 
may  be  found 
textbooks;    that  of 
Parsons  (1901)  and  the 
article  bv  von  Rohr 
(1909)   may   be  men- 
tioned.   We  must  pass 
on  to  the  consideration 
of  the  phenomena  which 
have  been  found  to 
occur  in  the  retina  in 
response  to  stimulation 
by  light. 

Movements  of  Coiies. 
—  Slow  movements  of 
the  cones  in  the  frog, 
brought  about  by  con- 
traction of  the  long 
fibres  attached  to  their 
bases,  were  described 
by  Van  Genderen  Stort 
(1887)  (see  Fig.  613, 
p.  522,  of  Schiifer's 
*'  Essentials  of  Histol- 
ogy ").  They  appear 
to  result  from  a  reflex, 
since  light  entering  the 
other  eye  causes  retrac- 
tion of  the  cones  in  the 

eye  which  has  not  been  exposed  to  light.  The  effect  is  also  produced  by  light  on 
the  skin,  by  injection  of  strychnine  and  by  local  electrical  stimulation.  It  is 
ditticult  to  see  what  is  the  function  of  this  movement.  It  has  Ijeen  suggesttnl 
that  it  may  be  a  relic  of  an  ancestral  state  in  which  the  photo  receptive  cells  of 
the  epidermis  were  connected  directly  to  contractile  cells,  although,  if  we  accept 
the  view  of  the  origin  of  the  eye  in  nerve  centres,  there  are  obvious  ditiiculties  in 
this  interpretation. 


Fir..  103 


Portrait  of 
l.Uxjratorv 


Hrlmuoltz.— Taken  in  his 
on  7th  July  IS94. 

(By  kind  pjrnnssion  of  Dr  J.  T.  Bottomley.) 
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The  Figment  Cells  of  the  retina  are  also  excited  to  movement  by  the  action  of 
light,  and  here  agaan  the  use  of  the  phenomenon  remauiB  probiemat^Bal. 

The  "  Dermatoptic  Function,^^  described  by  Raphael  Dubois  (18d3),  is  of  interest, 
as  it  shows  the  pcissibility  of  light  absorbed  bv  pii'iiient  acting  as  stimulus.  The 
siphon  of  the  mollusc,  Pholas,  is  sensitive  to  light  and  is  retracted  when  light  falls 
upon  it.  The  response  is  due  to  the  presence  of  pigmented  cells  in  the  epitheliom, 
pralonged  into  oontraetile  fibiea.  Aooording  to  Dubois,  the  reception  of  the  Ufjbit 
atinralua  reaolts  in  eontractioii  ol  the  fibre,  whieh  oontraction  then,  la  ioiba  waj, 
stimnlates  nerve  fibres  going  to  oentree  and  thna  setting  off  a  reflex  eontnetiQii  of 
the  siphon. 

Steinach  (1892)  states  that  piginented  muscle  cells  are  to  l)e  found  in  the  iris 
and  tiiat  the^e  cells  can  be  seen,  under  the  microscope,  to  contract  when  light  falls 
upon  them.   The  ohservations  were  confirmed  by  Outh  ( 1 901 ). 

Changes  have -been  described  in  the  Ganfflian  cells  of  the  retina,  but  thflsa 
clearly  must  be  regarded  as  eflfects  ol  prolonged  stimulation  on  the  ceils  of  nerve 
centre^. 

The  VisticU  Furple. — There  is  every  reason  to  believe  that  the  means  by 
which  light  stimulates  ncarve  ending  is  torough  a  photo^diemieal  rsnctioD.  Ihera 
are  an  enormous  number  of  diemical  reactions  which  are  aflbcted  by  light,  and, 

of  these,  one  is  known  in  connection  with  the  r^ina,  namely,  the  changes  is 
tlif  i«ual  purple."  Whether  this  is  tlie  only  one  we  frtnnot  «!ay  with  certainty, 
bur  we  shall  .^ee  presently  that  its  pix>perties  are  in  extraordinary  coincidence 
with  certain  aspects  of  vision.  As  will  be  shown  in  Chapter  XIX.,  if  a  substance 
Is  sensitive  to  rays  of  a  particular  wave  length,  such  as  would  be  neoeenry  to 
account  for  colour  vision,  it  must  absorb  these  rays.  Since  they  must  be  in  the 
region  of  the  visible  spectrum,  the  substance  must  have  an  absorption  band  in 
the  re^'on  referred  to,  and,  therefore,  be  itself  possessed  of  colour.  Although 
visual  purple  is  the  only  such  substance  detected  as  yet  in  the  retina,  with  the 
exception  of  certain  coloured  globules,  which  are  not  siensitive  to  lights  described 
by  Ruhne  (1878),  in  the  cones  of  Inrds,  it  is  conceivable  that  otibers  may  be  present 
in  the  small  amount  required,  and  even  in  the  requisite  number,  to  aocount 
for  the  number  of  colours  to  which  the  eye  i*f  sensitive.  It  is,  moreover,  not 
impossible  that  >isual  purple,  as  oljtained,  may  Ije  a  mixture  of  a  numfxr  ui 
flifferent  substances,  each  with  an  absorption  for  a  particular  group  of  wave 
lengths  and  giving  rise  to  its  own  particular  photo^emical  product,  to  whidi 
a  definite  receptor  only  is  sensitive.  More  probably,  in  the  fonnatiofi  ol  the 
particular  photo-chemical  product,  molecular  vibrations  of  a  certain  rate  are  excited* 
possibly  by  resonance,  with  the  excitation  of  receptors  by  the  energy  set  free. 

Although  it  had  known  for  some  time  that  the  retina,  of  a  frog,  removed 
in  the  dark,  appeared  to  be  of  a  red  or  purple  colour,  when  observed  in  the  light, 
and  that  the  colour  disappeared  more  or  less  rapidly,  the  definite  asBodation  of  the 
pigment  in  question  with  visuid  sensation  was  not  made  until  Boll's  wqric  (187fi), 
f(  >llr,wed  by  tile  more  extensive  and  detailed  work  of  Kuhne  and  his  leHow-worken 
(1676). 

The  colour  of  the  pigment  is  not  exactly  what  most  people  would  call  purple, 
it  contains  much  more  r^.  But,  having  a  trace  of  violet  in  it|  it  is  best  described 
as  a  deep  pink  or  rose  colour. 

It  is  bleached  by  light,  but,  in  the  retina,  the  colours  return  in  the  dark. 
Whether  there  is  new  pigment  formed  or  whether  the  pi-oduct*  of  the  action  of 
li*,'ht  return  to  their  original  state  in  the  dark,  a  very  common  phenomenon  in 
photo  chemical  reactions,  is  not  altogether  certain.  It  appears,  however,  that 
under  some  conditions,  solutions  of  the  pigment  recover  their  colour  when  allowed 
to  stand  in  the  dark  after  being  bleached  by  light.  It  has  no  isolated  absorption 
band  in  the  spectrum,  but  absorbs  light  almost  equally  in  all  parts,  leaving  a  little 
rti<l  and  violet,  hence  if^  colour.  Tt  is  to  be  expected,  then,  that  it  would  be 
responsive  to  light  of  all  wave  lengths,  except  the  extreme  red  and  violet.  As 
indicated  above,  a  series  of  sabstanoes  with  absorption  bands  along  the  course  of 
the  spectrum,  when  mixed  together,  might  give  a  similar  continuous  absorption. 

Visual  purple  is  found  in  the  rods  only  of  the  mammalian  eye^  in  the  so-ealled 
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eonea  of  birds,  and  in  the  correBponding  strnctiires  of  the  redoa  of  the  frog,  fish, 
and  cephalopod.   Since  it  is  not  profient  in  tlie  oones  of  the  human  eye,  it  ia  absent 

from  the  region  of  sharpest  vision,  the  fovm  centralis^  a  fact  which  has  led  some 
observot-s  to  doubt  whether  it  has  any  real  importaive  Edridi;e-Green,  liowever, 
lias  brought  forward  evidence  to  show  that  it  diflusej*  into  the  fovea  from  the 
sarrounding  rods.  The  rods,  tliem- 
•etirea,  he  f^gards  as  being  concerned  ^ 
only  with  the  formation  ol  the  pig- 
Tuent  and  not  receptor  organs  for 
lii^ht.  As  regards  this  last  point,  it 
appears  that  the  sensibility  of  the 
wioas  zones  of  the  retina  in  the 
recognition  of  form  is  directly  pro* 
portional  to  the  number  of  conee  per 
unit  area  which  they  rontain.  Pnt  in 
another  way,  the  images  of  two  points 
are  recognised  as  distinct  according  to 
whether  they  fidl  on  two  oones  or  noty 
so  that  they  mnst  be  further  apart  to 
l)o  recognisetl  as  two  in  tlie  peripheral 
parts  of  the  retina,  wliere  the  cones 
are  further  apart.  But  the  micro- 
BGopical  appearance  of  the  cell  con* 
neetions  of  the  rods  is  very  simihur  to 
that  of  the  cones  and  does  not  suggest 
that  of  ofHTetorv  cells  only. 

Kuiine  showed  that  the  {ugment  is 
sensitive  to  light  while  in  the  eye,  and 
that  photographs  of  objects  can  be 
made  on  the  retina  owing  to  this 

fact.     These  are  called  optograms 
(187tt,  p.  225). 

The  ditiicuity  of  obtaining  iufor* 
mation  as  to  the  chemical  fmiurt  of 
visual  purple^  as  it  has  become  the 

oitBtom   to  call  it,  is  obvious,  on 

account  of  the  very  small  quantity  to 

b©  obtained.    Its  solubilities  are 

peculiar;  according  to  Kuhne,  it  is 

only  dissolved  by  mie  salts  with  readi- 
ness.   This  fiust  suggests  a  colloidal 

suspension^  the  lowering  of  snrfare 

tension   y^roduced   so   powerfully  by 

these  substances  would   facilitate  a 

great  dispersion  of  the  particles.  It 

dees  not,  in  fact,  diAise  through 

parchment  paper,  so  that  the  bile  nalts 

can  be  removed  by  dialvsis.    In  addi- 

tion  to  dispfrsion  of  the  pigment,  the 

bile  salts  appear  to  disintegrate  the 

rods.   The  pigment^  is  not  attacked 

by  trypsin,  so  that  it*  is  not  ct  protein 

nature.    The  method  used  by  Kiihiio  to  obtain  his  purest  preparation'^  will  be 

found  on  p.  454  of  his  paper  with  Ewald  (1878),  and  on  p.  266  of  his  article 

in  Hermann's  "Handbuch  '  (1S79). 

When  light  falls  on  the  peripheral  parts  of  the  retina  in  man,  it  is  found  that, 

when  dimimshed  so  as  to  be  just  visible,  it  is  only  that  part  of  the  spectrum 

between  wave  lengths  600  and  440  ///a  (orange  to  blue)  that  is  visible  at  all  and 

the  sensation  is  one  ftf  light  only,  without  colour,  whatever  the  wave  length 
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01. 1)  OK  VlSf  Af,  JiKNSATlo.N ,  .X'  TrtlN"  OF 
UUUT    O.N     TU£    VISUAL    fUKl'LK,  AND 

THB  ABSoamosr  or  ucbt  bt  visum. 
vmurajL 

0rdin.in<.  i<.i  irive  vaiuci  la  unita  Of  «n«rgy  r«qoir«d 
to  )>roduce  effect. 

tleogtb  of  light. 


(Victor  Henri  et  Larsuier  dw  Bancela, 
1911,1,  Fig.  4.) 
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used.  Now  Victor  Henri  et  Larguier  des  Bancels  (1911,  1)  have  determined  the 
amount  of  energy  just  sufficient  to  excite  (threshold  energy),  the  bleaching  eflfect 
on  the  pigment  and  the  amount  of  light  absorbed  by  it^  all  at  various  wave 
lengths  between  the  values  named.  When  put  into  curves,  these  thi-ee  factors 
are  found  to  follow  the  same  course  (see  Fig.  164).  This  means  that  to  produce 
the  same  sensation,  by  different  wave  lengths,  requires  such  an  amount  of  radiant 
energy  that  the  amount  absorbed  by  the  visual  purple  is  the  same  in  all  cases. 
This  is  a  powerful  argument  in  favour  of  the  participation  of  the  pigment  in 
vision,  at  all  events  in  that  particular  form  of  the  sensation  investigated.  The 
same  investigators  find  that  the  absolute  quantity  of  energy  required  varies  with 
the  duration  of  action  according  to  a  complex  law,  which  seems  to  result  from  a  com- 
bination of  that  of  excitation  of  nerve  with  that  of  a  photo-chemical  reaction.  If 
the  energy  quantum  be  worked  out  by  the  formula  in  Nernst  (1913,  255,  etc.),  it 
is  2  X  lO"'"  erg  for  the  D  line,  practically  the  same  as  the  limit  of  the  sensibility 
of  the  retina  (page  512  above).    This  sensibility  is  then  the  maximum  possible. 

EUctrical  Changes. — Holmgren  (1880)  noticed  that  the  incidence  of  light  is 
accompanied  by  an  electrical  change  in  the  retina,  and  further  work  was  done 
by  Dewar  and  M'Kendrick  (1876),  Kiihno  and  Steiner  (1880),  Waller  (1900), 
Gotch  (1903  and  1904),  Einthoven  and  Jolly  (1908),  Piper  (1905,  1910,  and  1911), 
FrOhlich  (1913),  and  others.  Although,  when  the  interpretation  of  these  results 
is  better  understood,  they  will  undoubtedly  help  in  the  explanation  of  retinal 
prooMses,  it  must  be  confessed  that,  at  present,  they  do  not  throw  much  light 
on  the  question.  The  main  fact  is  that,  in  the  uninjured  eye  of  the  vertebrate, 
the  incidence  of  light  causes  an  electrical  change  in  such  a  direction  that  the 
nervous  layer  of  the  retina  becomes  electrically  positive  to  the  rod  and  cone 
layer.  This  state,  with  some  subsidiary  waves,  lasts  during  the  illumination,  and 
disappears  again,  at  a  certain  rate,  when  the  light  is  removed.  But,  immediately 
after  removal  of  the  illumination,  and  before  the  effect  produced  by  it  has 
<lisappeared,  a  puzzling  further  change,  in  the  same  direction  as  that  produced  by 
the  incidence  of  light,  makes  its  appearance  for  a  short  time.  Apparently  darkness 
causes  a  temporary  effect  of  the  same  sign  as  light  does.  When,  however,  the 
curve  is  carefully  analyse<l,  as  can  be  done  with  that  obtained  by  the  capillary 
electrometer  or  the  string  galvanometer,  it  is  found  to  have  a  complex  form,  which 
Einthoven  and  Jolly  and  Piper  have  resolved  into  a  compound  of  three  different 
curves  of  different  time  course,  and  it  is  important  to  note  that,  by  proper  con- 
struction of  each  of  these  components,  it  is  possible  to  obtain  a  curve  like  the 
original,  including  the  '*  dark  "  effect,  from  curves  which  have  an  opposite  direction 
in  light  and  in  darkness.  This  fact  disposes,  indeed,  of  some  of  the  difficulty 
attending  the  dark  effect,  but  seems  somewhat  artificial,  since  no  explanation  can 
yet  be  given  of  the  meaning  of  the  three  h\*pothetical  processes.  It  is  true  that  the 
Young- Helmholtz  theory  supposes  that  there  are  three  fundamental  components  in 
visual  sensations,  red,  green,  and  violet.  When  in  certain  relative  proportion,  tlie 
sensation  of  white  light  results  and  that  of  various  colours  according  to  the 
relative  proportion  of  the  three  components.  But  Gotch's  experiments  (1904) 
showed  that  the  electrical  response  to  red,  green,  or  violet  light  was  of  the  same 
form  in  each  case,  although  differing  in  latent  period  and  magnitude,  while  each 
showed  a  similar  rise  when  the  stimulus  was  removed.  The  three  hypothetical 
components  of  the  curve,  assumed  by  Einthoven  and  Jolly  and  by  Piper  have, 
as  it  seems,  nothing  to  do  with  the  three  fundamental  sensations  of  the  Young- 
Helmholtz  theory.  We  shall  see  other  reasons  later  why  this  theory  cannot  be 
regarded  as  a  satisfactory  one.  Still  less  do  the  facts  of  the  electrical  change 
support  theories  such  as  that  of  Hering,  wliere  colours  which  are  complementary  to 
one  another,  that  is,  which  make  white  on  mixing,  are  supposed  to  cause  opposite 
changes  in  the  •*  visual  substances,"  the  one  anabolic,  the  other  catabolic.  If  this 
were  so,  red  and  violet  should  give  electrical  changes  of  opposite  sign. 

As  examples  of  actual  ex|)eriments.  Fig.  165  (according  to  Piper,  1910)  may 
be  of  interest.  The  electrical  change  in  the  mammal  is  of  a  simpler  nature  tlian 
that  in  the  bird.  Piper  also  shows  (1911,  Figs.  38  and  39)  that  the  response  is 
a  simple  one  in  the  retina  of  the  Cephalopod,  a  fact  which  indicates  that  a  part 
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of  the  complexity  of  the  vertebrate  effect  may  be  due  to  the  nervous  elementa 
of  the  retina. 

If  we  regard  it  as  probable  that  the  electrical  response  is  connected  with  a 
photo  -  chemical  re 
action,  we  may  con- 
sider  for  a  moment 
such    a  reaction  as 
that   of  the  decom- 
position of  silver 
chloride  by  light  in 
the    simplest  condi- 
tions, so  that  the 
products  are  not 
removed    from  the 
sphere  of  action  by 
other  reactions.  In 
the  dark,  we  know 
that    silver  and 
chlorine  reunite  to 
form  the  chloride 
again,   and    at  a 
rate    controlled,  in 
the   main,  by  mass 
action.    As  soon  as 
light  begins  to  act 
on    the   chloride,  a 
portion  is  decom- 
posed and  the  pro- 
ducts    begin  to 
recombine  again 
owing  to  their  own 
affinity  and  inde 
pendently  of  the 
action  of  light.  It 
will  be  clear,  there- 
fore, that,  according 
to  the  intensity  of 
the  illumination,  an 
e<juilibrium  will  be 
established  at  such 
•a  positioo  that  the 
rate   of  recombina- 
tion is  equal  to  that 
of  decomposition. 
As  soon  as  illumina- 
tion   ceases,  recom- 
bination  begins  at 
its  own  proper  rate, 
since    the  opposing 
reaction    no  longer 
exists.    Further  par- 
ticulars   of  such 
p  h  ol o-c h e m  i  cal 
changes    will  be 
found  in  Chapter 
XIX.,  and  we  shall 


Fkj.  165.   Electrical  changes  PBonrcET)  vr  ltoht  nr  thu 
RETINA.— String   galvanometer.     The   white   areas  are 

Seriods  of  illumination,  the  black  areas  are  pcriotls  of 
arkness. 

Time  in  01  seconii  »t'lhe  top. 

O,  Eye  of  pijfeon.  Uriel  illumination  (Oia  wronci).  Negative  and  pcwitlve 
variations  with  li^'ht^  positive  with  mibitequent  darkneas. 

b.  Eye  of  pijreon.   Longer  periwl  of  action  of  lijrht  (0-72  second). 

e.  Effect  of  brief  periods  of  dxu-knt'W  (0-1  wcond  each)  on  the  pif^n's  eve 
previously  i>x|>OKed  to  ofnitinuous  illumination. 

d.  Eye  of  rabbit.    Illumination  for  O  S  »«»<-ond.    Positive  variation  with  licht 

and  8c<x>ndary  nlow  ri.se.  Small,  nlow  neKative  variation,  after  short 
latent  |>erio<l,  with  subMequent  darkness. 

e.  Eye  of  Cephalo|v»i|  (Elwlone).    Simple  jjonitive  variation  with  Ii>rht.  after 

latent  jteriod  of  Q-thiS  second ;  remainintf  pru'ticallv  ooi»«Unt  dnrinir 
illumination.  Return  to  ori(rinal  value  with  darkiie»<i<,'  a'so  after  a  latent 
pcriwl. 

(After  Pilwr.) 


we 

Kee  that  there  are  other  reactions  which  would  illustrate  the  point  more  accurately, 
since  the  decomposition  of  .silver  wdts  by  light  is  not  quite  so  simple  as  assumed 
above.     It  serve?,  however,  to  illustrate  the  nature  of  the  aj.parent  e<iuilibrium 


Digitized  by  Google 


524 


PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


Attained  imder  the  action  of  light,  which  is  only  kept  up  by  the  continuous  supply 
of  light  eneriry.  (^^oe  Bauer,  1911,  on  the  r^neration  o£  visual  purple,  which 
continues  duriii!,'  the  action  of  light.) 

It  may  be  mentioned  that  Brossa  and  Kohlrauscb  (1913-1914)  have  found  tlmt 
the  form  of  the  electrical  response  variee  with  the  wave  length.  The  work  of 
FrOhlich  (1913 ),  alao^  on  the  eye  of  the  Cephalopod  requires  ooosideration.  This  eye 
presents  oertMn advantages  as  regards  the  question  before  as.  As  already  pointeti 
out,  tlie  nervous  elfii It'll ts  nro  sitnntfMl  in  n  ijfincrTinn  outside  theeyeitsflf  Although 
the  retina  is  very  highly  de^'eiuped,  tlie  vi^^ual  elements  are  of  one  kind  only,  similar  to 
the  rods  of  the  vertebrate  retina.  It  ha^  visual  purple  and  the  receptors  are  exposed 
directly  to  the  light  rays.  FrOhltch  confirms  uie  result  of  Piper  that  the  eleciricsl 
reqxMkse  ia  less  eoniplex  than  that  of  the  vertebrate.  But  the  chief  interest  o£  bis 
work  consists  in  the  demonstration  of  the  fact  that  the  retinal  electrical  response 
is  not  a  steady  one,  but  consists  in  a  st  ries  of  rhythmic  waves,  from  20  to  l'X> 
fHjr  i>ecoud,  being  more  rapid  the  more  intense  the  illumination.  These  waves  ar^ 
also  to  be  seen  on  the  return  of  the  curve  after  cessation  of  the  stimulus,  but  of  a 
low«r  rate.  There  is  no  indication  of  a  "dark"  response  in  the  same  direetUio  as 
that  on  illumination.  The  effects  of  red  and  of  blue  light  were  also  compared  with 
that  of  wliit^"  and  tlif^  interesting  fact  foiind  tliat  red  light  required  to  be  iricrea<«e<i 
enormously  more  than  white  or  blue  to  give  the  same  increase  in  electrical  eff^t, 
as  shown  in  the  table ; — 


Electromotive 
Force  in 
Millivolts. 

RaUtivtt  Intensity  of  Light. 

White. 

Blue. 

Red. 

Minimal 

1 

20 

0-2 

5 

i.oao 

0-4 

11-2 

1^000 

OHI 

5 

80  . 

0-8 

80 

12,600 

With  the  same  intensity,  the  rate  of  the  rhythmical  changes  is  less  with  red  than 
with  blue.  Whatever  may  be  the  significance  of  the  vibratory  nature  of  the 
electrical  change,  it  is  clear  that  it  does  not  i-epresent  the  actual  rate  <'f 
vibration  of  the  light  itself,  hut  it  n(jt  appear  to  me  that  the  auth-ir- 

Gonclumon  that  the  red  end  of  the  spectrum  is  exciting,  the  blue  end  inhihit  rv, 
on  account  of  the  rapid  rate  of  the  waves  produced,  is  a  necessary  one.  Thi 
apparent  inhibition  produced  by  rapid  rates  of  stimulation  of  weak  intensity  has 
been  discussed  previously  in  reference  to  Wedensky's  phenomenon  (pp.  429  and  426). 

C,:'nur  Vi.-<ion. — This  important  (juestion  cannot  be  adequately  treated  here 
and  tiu'  reader  should  refer  t<i  the  various  textbooks.  There  are,  however,  some 
facts,  chieHy  brought  out  by  the  work  of  Edridge-Green  (1909  and  1911),  to  which 
brief  reference  must  be  maae,  because  they  are  only  just  beginning  to  receive  the 
attention  they  deserve. 

The  Young  Helmholtz  theory  assumes  that  there  are  only  three  primaiy  colour 
sensations,  red,  green,  and  vinlt  t  Now,  while  it  is  true  that  atiy  colour  mav 
formed  by  mixtures  of  the^»e  m  appropriate  proportions,  it  is  also  true  that  more 
than  three  primary  sensations  would  also  serve  the  same  purpose,  three  is,  in 
&ct,  the  minimum.  And  it  is  a  matter  of  universal  experience  that  blue  and 
yellow  have  just  as  much  right  to  be  considered  primary  as  th^  other  three.  In 
fa<  t.  Newton'H  division  of  the  spectrum  into  red,  orani^e,  yellow,  green,  blue,  indig", 
and  violet  is  much  nf-arer  the  truth.  Indigo,  however,  is  rai-ely  seen  as  a  distinct 
colour.  Edridge  Green  divides  ptHjple  into  classes  according  to  the  number  of 
distinct  colours  they,  distinguish  and  shows  that  there  are  various  degrees  of 
colour  blindness  aeconling  to  tlie  numlx;r  of  colours  seen  in  the  spectrum.  From 
the  point  of  view  of  (ni)lution  of  the  colour  .sense,  he  points  out  that  it  is 
practically  certain  that  the  distinction  between  different  wRVf  lenirtlis,  that  is, 
the  recognition  of  a  difference  between  cul<iurs,  would  first  show  itself  at  the 
extremoe  of  the  region  which  is  appreciated  as  light,  the  I'egioa  between  the 
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vave  lengths  770  and  396  /x/i  about.    Red  and  violet  would  be  distinguished  first) 

next  gm-Ti  l>f  t  ween  them  would  be  added,  finally  yellow  and  bhie.  Correspondingly, 
a  atinmuu  furm  of  colour  blindness  is  the  tri-chromatic,  where  red,  gi'een,  and  violet 
are  the  only  colours  perceived.    Yellow  is  called  red-green,  and  blue,  green-violet* 

A  further  important  point  established  this  investigator  is  that,  contrary  to 
what  a  casual  examination  of  the  spectrum  might  lead  one  to  suppose,  there  is  not 
an  infinite  series  of  gradations  of  colour  along  the  spectrum,  but  that  it  can  be 
divided  up  into  a  numbc^r  of  patches,  each  of  tlie.se  patches  being  of  a  uniform 
colour.  Thus  the  eye  is  not  capable  ot  appreciating  an  indefinite  number  of 
spectral  colours.  The  fact  con  be  shown  by  the  use  u£  a  spectiouieter  with 
adjustable  shutters  in  the  ocular.  When  any  part  of  the  spectrum  is  thus 
isolated,  it  is  found  that  a  certain  breadth  can  be  founr!  which  appears  to  be  all 
of  the  same  colour.  Thus  the  whole  spectrum  is  divided  up,  by  normal  si^'lited 
people,  iitto  sornp  sixtein  to  twenty  monochromatic  areas.  Houston  (ldl6)  treats 
the  theory  mathematically. 

Edii(4(e-0fe«i  has  brought  out  methods  of  testing  colour  vision  on  the  basis 
■  f  the  above  facts,  together  with  other  considerations.  These  methods  are  now 
being  accepted  as  the  only  reliable  one*?. 

The  existence  of  colour  vision  in  the  animals  lower  than  man  is  obviously 
&  ditiicult  matter  to  decide.  Orbeli  (1909),  in  his  work  on  contlitioiied  reriexea, 
tound  the  dog  unable  to  form  such  reflexes  to  colour  alone,  merely  to  difiereuces 
of  lominomty.  Later  observers  found  that,  with  great  difficulty,  colour  can  be 
in  tlii^  way.  The  colour  sense  must  be  very  rudimentary  in  the  dog. 
Fiv.hlii  h  (1913)  thinks  that  the  difference  between  the  elect ric;:!  changes  to  red 
and  to  blue  in  the  C'ephalopod  incHcates  colour  vision,  but  since  differences  in 
intensity  ot  white  are  also  associated  with  differences  of  rate  of  rhythm,  the 
only  evidence  is  the  quantitative  one  of  the  rapid  diminaUon  in  comparative 
eroct  as  the  intensity  of  the  stimulus  is  increa»9d.  The  apparent  fondness  of 
certain  birds  for  brilliant  colours,  and,  in  fact,  the  general  evolution  of  colour  in 
tlowers  and  buttertlies  an*!  so  on,  sugi,'est.s  Home  sort  of  colour  «?en??e  in  these 
aDiiiials.  According  to  Polimanti  (1915),  however,  silkworms  are  colour-blind. 
Frisch  (1914)  finds  a  sense  of  colour  in  fishes. 

The  numerous  phenomena  connected  with  positive  and  n^itive  after-images 
are  beyond  the  scope  of  this  book.  One  fact  should,  however,  be  noticed,  namely, 
that  certain  combinations  of  spfctrrd  colour's  give  what  appear  to  the  eye  to  be 
colours  as  pure  as  the  spectral  colours  themselves,  but  of  u  diiierent  wave  length 
from  thoi^i  of  which  they  are  composed.  For  instance,  red  and  green  give 
a  yellow,  which  is  indistinguishable  from  spectral  yellow.  This  fact  is  not  easy 
to  explain.  Hartridge  (1912)  gives  reasons  for  holding  that  the  effect  may  be 
ni'^n'lv  jthv-ical,  s(»  that  the  y<'llow-perceiving  mechanism  may  really  be  excited 
by  the  mixture  of  red  and  j^iccn.    (iSee  also  K<lrifl;;e-Greeu,  1915.) 

Mention  should  alsu  be  uuule  of  the  new  jipparatus  of  A.  W.  Porti^r,  which 
is  the  most  perfect  yet  devned  for  the  investigation  of  colour  mixing,  after- 
inisges  and  other  colour  phenomena.  This  instrument  has  been  shown  at  the 
Phydologieal  Society's  Meeting,  but  the  description  has  not  yet  been  published. 

Mosaic  Vision. — Tlie  compound  <^v*»  of  the  insect  and  crustacean  is  a  highly 
developed  organ  and  is  usually  consi(lere<^l  to  act  as  a  series  of  tuU^s,  with  opaque 
waUs,  by  which  that  ray  only  which  is  a  continuation  of  the  axis  of  the  tulm 
arrives  at  the  receptor  mechanism.  In  this  way  an  image  is  formed.  The  I 
explanation  of  the  elaborate  structures  present,  some  of  which  appear  to  be  I 
nfohctile,  is  uncertain.   The  monograph  by  Exner  (1691)  may  be  consulted.  I 

RECEPTORS  FOR  SOUND  I 

In  order  that  the  rhythmic  vibrations  of  bodies,  which  are  the  material  basis  I 

of  what  we  ourselves  call  sound,  may  excite  the  ends  of  nerve  fibres,  it  would  I 

seem  that  the  most  nattiral  way  would  be  to  make  use  of  the  principle  of  mwjiajice,  I 

which  has  been  describf  *!  on  page  88  above.  i 

If  w©  have  a  series  of  strings  in  regular  order  as  regards  their  period  of  | 

vibration,  sound  waves  of  a  particular  period  will  aflkct  one  ct  these  strings  ottly  I 
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juid  set  it  in  vibration.  A  stnictare  of  this  nature  exists  in  the  cochlea  of  the 
internal  ear  of  higher  vertebrates  and  is  known  as  the  "  basilar  niemhrune."  It  i> 
true  tliat  it  does  nob  consist  of  separate  strings,  but  as  it  only  possesses  tension  in 
a  transveise  direction  and  not  longitudinally,  it  is  only  capable  of  periodic  vibration 
in  the  one  direction.  Its  transverse  measurement  is  of  a  rtgularly  increasing  magni- 
tnde  from  the  base  to  the  apex  of  the  cochlea  and  the  whole  organ  is  oouiBd  into 
a  spiral.  The  nerve  fibres,  by  means  of  a  complex  structure,  the  organ  of  Oolti  (see 
Fig.  l'>fi),  are  stimulated  when  that  particular  element  of  the  basilar  membrane 
which  resonates  to  a  given  note  is  set  into  vibration  by  it.  This  is,  in  brief,  thv 
theory  proposed  by  Helmholtz  and  further  details  may  be  found  in  his  book 
** ToQempfindungen  "(1863).  In  the  sixth  edition,  the  description  of  the  theory  will 
be  found  on  p.  232. 

Other  theorieti  have  been  suggested,  such  as  the  "  sound  pattern"  theory,  in  which 

the  basilar  membrane  is  supj>osed  to  vibrate  as  a  whole,  but  with  "  nodes,"  or 
lines  of  rest,  in  ditl'erent  places  according  to  the  pitch  of  the  note.  None,  however, 
seems  to  agree  with  the  general  facts  of  the  structure  of  the  organ  of  Corti  ai 
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(Reteiofl.   Soh&fer's  '« Bnantiili  of  Histiilagy,*'  Fig.  6ISu) 


well  as  that  of  Helmholtz  does.  This  theory  has,  moreover,  recently  received 
a  striking  confirmation  in  the  experiments  of  Yoshii  (1909).  Guinea  pigs  were 
exposed  to  the  sound  d  a  partioular  note  on  an  organ  pipe  or  siren  for  thirty  to 

forty  days  in  succession.    r»cal  degenerations  were  then  found  to  ha\-e  been 

pnxiuced  in  the  ori;an  of  Corti.  These  degenerations  were  in  different  place> 
according  to  the  note  made  use  of,  and  were  traiisv»'rs'\  hot  longitudinal.  It 
true  that  the  degcnemtion  extended  somewhat  on  both  sidc8  of  the  actual .  it$giuu 
oofTCflponding  to  the  tone  itself,  but  HelmlMlts's  tiieoiy  of  resonaiioe  would  not 
exdude  tiie  possibility  of  neighlx^uring  poi^ions  of  die  membrane  bdng,  to  eome 
extent^  also  set  in  \'il)ration  and  it  is  clear  that  the  nature  of  the  experimeiitB  uf 
Yoshii  could  scarcely  afford  evidenee  as  to  the  minimal  intrnsity  of  soinul  new'Hsary 
tOCauiie  re^sonance  of  a  very  limited  element  of  the  membrane.  8econdarv  ehaTicw 
were  also  found,  in  the  experiments  quoted,  in  the  nerve  fibres  and  ganglion  celb 
belonging  to  the  particular  region  of  the  organ  of  Corti  affiaoted  by  the  sound ;  nom 
in  the  tympanic  membrane  nor  in  the  ti-ansmitting  structures  of  the  middle  ear. 

The  hair  cells  act  as  transmitters  of  the  vibrations  of  the  merabnme,  aft«r 
these  vibrations  have  been  intensified  by  the  structures  forming  the  pillars  of  the 
arch  of  Corti,  which  rest  on  the  membrane  (see  liaylisa,  1919,  3,  diagram  on  p.  lU9) 

The  iyfiiponic  membrane  is  interesting  physically.  It  is  so  fonn^,  by  its  shape, 
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teoBioii,  and  •ttachments,  as  to  be  "aperiodic  " ;  that  is,  it  has  no  deanite  period 
of  Tibratioii  of  iti  own,  io  that  it  cao  transmit  aoy  rate  of  vibration  indifferently. 
The  perception  of  soond  seems  to  have  arisen  somewhat  late  in  the  eonne 

of  evolution.  There  is  no  satisfacton-  evidence  that  invertebrates  possess  it. 
Of  course,  the  periodic  vibrations  of  a  sounding  body,  if  sufficiently  strong, 
can  affect  the  touch  receptors  of  the  akin,  but,  as  we  know  from  our  own 
experience  the  periodie  impnlses  in  the  name  from  these  organs  do  not  give 
riae  to  the  sensation  of  sound ;  the  cerebral  "analysers"  neeesaary  for  the  purpose 
are  not  brought  into  play.  This  fact  serves  to  confirm  the  view  of  the  indifference 
of  the  actual  nerve  impulses  themaelves.  As  to  hearing  in  fish,  see  Da  Bois- 
Reymond  (19m  Parker  (19 IS). 

In  birds  andmanimals  the  auditory  organs,  as  valuable  distance  receptors,  are 
highly  developed,  as  we 
Biiw  in  discussing  the 
conditioned  i-cflexes  of 
the  dog.  Their  import- 
ance when  speech,  even 
in  its  most  mdimentaiy 
forms,  makes  its  appear- 
ance will  be  sufficiently 
obnous.  In  fart,  tlio 
more  ur  loss  musical 
notes  made  by  certain 
insects,  such  as  the 
cricket,  by  the  aid  of 
special  apparatus,  scorns 
to  imply  the  presence 
of  an  auditoiy  organ  of 
some  kind. 

POSITION 
BECEFTOBS 

Gertain  organs,  pre- 
sent in  most  animals, 

even  in  the  Me<lus»?, 
were  supposed  at  one 
time  to  be  connected 
with  tiie  smse  of  hear* 
ing  and  were  called 
*'otocysts."  These 
organs  consist  essen- 
tially of  sacs,  lined  with 
oeOs,  and  containing  a  liquid  in  which  a  loose  "otolith,**  or  several  of  them,  is 
fneij  movable.  Nerve  fibres  terminate  in  tiie  cells  of  the  sac,  and  the  otoliths" 
may  be  sand  particles  or  any  similar  substance,  insoluble  in  the  liquid. 

Although  Farre  (1843)  showed  that  those  organs  in  the  Crustao«»a  act  as 
"delicate  antennae"  and  have  no  auditory  functions,  it  was  not  until  comjNii-atively 
recently  that  it  has  been  generally  recognised  that  their  function  is  to  serve  ae 
reeeptota  for  the  sense  <^  position  with  regard  to  the  direetiott  of  gravity. 
Verwom  proposed  that  they  should  be  calUxl  statocysts^'  and  the  solid  bodies 
within  tliem,  "statoliths."   Beer  showed  definitely  that  Crustacea  have  no 

receptors  for  sound  as  such. 

Fig.  167  shows  the  structure  pf  a  typical  "statocyst"  fix>m  Pterotrachea,  and 
it  is  plam  that  the  weight  of  the  statolith  will  rest  on  diflSuent  reoeptor  cells 
according  to  the  position  of  the  animal  and  thus  afford  information  of  its  position 
with  r^;ard  to  the  vertical. 

An  ingenious  experiment  of  Kreidl  (1 893)  neatly  demonstrated  the  fact  in 
Crustacea.    As  is  well  known,  these  organisms  periodically  shed  their  outer 


Fia  167.  Statooxbv  op  PTEROTRAoaaA  (a  rata  swimnao 

MOLLUSC). 

If,  Ktifvt. 

Of,  Statolith  in  the  interior  of  the  aac,  which  ifl  fUtod  wUh  ttqold. 
Wz,  Uatr  ctilis  oti  the  iuiier  surface  of  the 

Bz  mod  Cm,  Odto  with  ■hort  brlMlea,  RtppoMd  to  be  the  wndthre  oeltai 

(From  Cbnt's  *'  Elementary  Text  Book  of  Zooloffy." 

Translated  by  Adam  Sedgwick.  I>>iiaMl: 
Swaa  Sonnenacheiu,  1884,  p.  8(i. ) 


528 


PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


chitinous  covering  as  they  grow  too  large  for  it.  AJong  with  it,  in  some  species, 
the  inner  hning  of  the  statoevsts  comes  away,  naturaUy  taking  the  statolithValS 
These  latter  must  therefore  te  replaced  by  new  grain/  of  sand  or  similar  bodi« 
Kreidl  pla^-ed  the  animals  under  such  circumstances  that  the  only  grains  available 
were  iron  filings,  which  were  duly  taken  into  the  statocysts.  On  bringing  a  ma,n.et 
into  various  positions  with  relation  to  the  animals,  the  iron  filings  were  attracted  and 
pressed  against  various  points  of  the  lining  of  the  statocyst,  and  the  animals  showed 
by  their  movements  that  the  effect  on  them  was  the  same  as  if,  under  nomS 
conditions,  they  had  been  turned  into  such  a  position  that  the  weight  of  the  grains 
would  have  excitetl  the  cells  in  question.  ^ 

by  ^'^^dS'enr^r  a9n?.'  ^'""^^^  ^  f-"<i  -  -  article 

In  addition  to  organs  of  this  kind,  the  vertebrate  possesses  a  remarkable 

organ,  the  labyrinth  or 
semicircular    canals.  The 
statocysts  are  known  in  the 
vertebrate   as   utricle  and 
saccule.     There  are  three 
semicircular  canals  on  rach 
side,  and  from  Fig.  168  it 
will  be  seen  that  these  loops 
are  arranged  in  the  three 
dimensions  of  space.  This 
fact,  in  itself,  suggests  that 
they  are  concerned  with  the 
sense  of  position,  but  Cruin 
Brown  (1874)  and  Cyon 
(1873)   were   the  first  to 
draw  attention  to  the  rela- 
tion.   It  is,  however,  to  the 
experiments  of  Mach  (1875) 
and  of  Breuer  (1891)  that 
we  owe  the  clear  present- 
ment of   their  mode  of 
action.   Flourens  ( 1 828 )  ha^i 
obtained,  on  section  of  the 
semicircular  canals,  peculiar 
movements  of  the  head, 
differing  according  to  the 
canal  injured.     It  appears 
that  their  structure  is  such 
as  to  enable  rapid  changes 

sr«cc  to  be  appr«iat..l  and  their  particular  dirmion  to  Ct^Z^^  ^fe  ^^^^ 
cells  l,n,ng  a  f«rt  of  the  tube  of  which  each  of  these  loops T  eomp^C 
esp«-.ally  those  of  the  .lilatcl  ampulla  at  the  e„.l  of  ,«ch,  have  long  deK'h^ira 
projc.fn«  ,„to  the  h,|uid  filling  the  tube.  Since  the,*  is  free  cireuLional  round 
the  circle,  any  inovenieut  of  the  l,«.d  of  the  animal,  to  which  the  base  of  thrh^r 
ecu  js  attachcKl,  will  „,„ve  these  cells  through  the' liquid,  owing  toTh^  inerti^^ 
the  latter  not  allowing  ,t  to  share  the  movement  at  once.  The  «»ult  of  ?hJ 
relative  movement  is  to  drag  the  sc'nsitive  hairs  thn.ugh  the  more  or  l^  stotionarj 
hquHl,  Ix-nding  the,,,  a.ul  thus  exciting  the  nerve  cndi'ngs  at  the^r  aJtl^ti^I^ 


Tin.    m.     SEMICIRCrLAR  CANALS   OF  MAN. -PhototfTaph 

•  •t  an  enlarged  model  made  by  Tmniond,  Paris.  The 
throe  arcs  nre  seen  to  lie  in  the  three  dimensions  of 
space.  J  he  membranoii.s  canals  nre  shown  inside  the 
fM>ny  canalB,  which  are  partly  out  away.  The  cochlea 
18  at  the  bottom. 
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It  18  not  to  be  supposed  that  the  only  infonnation  obtained  as  to  the 
pontioD  of  the  head  in  space  is  derived  from  the  labyrinth.   The  eyes,  as  veil  as 

the  proprio  crptors  of  muscles,  play  ,  a  large  part  in  the  pr^KTSf?,  these  various 
nwptor  organs  nuitually  correcting  each  other.  Tlie  render  will  prohjibly  have 
noticed  how  the  eye  is  liable  to  be  deceived  by  passive  niuvenients  of  tlie  body, 
when  these  are  nnnotioed.  A  railway  train  rounding  a  curve  deviates  from  the 
vertical  owing  to  the  ** hanking"  of  the  track  and,  if  the  line  is  well  laid,  it  is  hard 
for  a  passenger  to  convince  himself  that  the  buildings  which  he  sees  through  the 
windows  are  not  leaning,  although  he  may  know  that  it  is  the  train  itself  which  is 
out  of  the  perj>endiA;ular.  The  reu<U'r  should,  perhaps,  l)e  reminded  that  this 
observaiiou  k»  not  possible  on  sucli  lines  as  tliot»e  where  it  ii»  the  custitm  of  the 
guard  to  inform  passengers  in  the  restaurant  oar  when  the  train  is  coming  to  a 
curve,  so  that  there  may  be  no   slip  between  the  cup  and  the  lip." 

The  astonishing  sensa  of  direction  possessed  by  some  animals,  siieh  as  the 
earner  pigeon,  is  ditticult  to  explain  except  n^^  n  wonderfnl  memory  for  labyrinthine 
sensations  received  as  it  is  taken  froui  pUicu  to  place  in  u  Itasket. 

It  appeara  that  gradital  change  of  position  u  appreciated  rather  by  the 
ststocyst  organs  and  does  not  readily  ttcite  the  receptors  of  tiie  semicircular 
canals,  which  respond  to  rapid  changes  to  which  the  relatively  inert  particles  of 
the  former  organs  would  not  react  suffioi^tly  quickly. 

COMBINATIONS  Of  SENSATIONS 

It  will  have  been  noticed  how  sensatwus  from  diiTereut  kinds  of  receptors  aro 

oombined  t^tgether  to  give  more  accurate  and  iletailed  information  of  external 
'ilijccts.  This  is  particularly  the  case  with  the  proprio-ceptors  of  those  muscles 
which  move  receptor  organs  in  a  definite  way,  such  as  those  of  the  eye  and  the 
hand,  wbea  combined  with  the  sensation  derived  from  these  sense  oigans 
themselves.  In  this  way  the  notions  of  space  and  so  on  are  formed.  But  here  we 
pass  over  to  the  province  of  psychology,  and  it  is  difficult  to  avoid  the  use  of  such 
words  as  "sensation,"  which  imply  consciousness,  in  t?tc  description  of  receptors. 
The  reader  must  understand  that  nothing  further  is  to  be  assumed  here  than  the 
exibtence  of  certain  nerve  impulses  passing  to  particular  regions  of  the  brain 
becoming  connected  up  with  other  neurones,  according  to  states  present  in  other 
l^rts  of  the  nervous  sjrstem,  and  finally  giving  rise  to  the  activation  of  some 
effec'tor. 

The  discussion  of  binocular  vision  and  similar  aspects  of  the  photoreceptor 
mechanism  is  beyond  the  space  permissible  liere. 

RECEPTORS  IN  PLANTS 

Plants,  like  animals,  are  in  relation  with  changes  in  their  environment,  and 
have  also  developed  means  of  intensifying  and  determining  the  direction  of  the 
action  of  extmiai  foroes. 

Hie  former  mechanism  is  especially  well  marked  in  the  so-caUed  '*exdtable 
oigans,**  in  the  narrow  sense,  where  rapid  movement  exists*  The  bristles  of  the 
leaf  nf  Dionrea  are  quite  eri titled  to  l)e  called  receptors;  they  maVe  the  leaf  ven' 
^•'iisitive  U)  the  contact  of  insects.  A  similar  phenomenon  is  to  be  seen  in  the  leaf 
sialk  of  Mimosa  pudicoj  also  in  the  stamens  of  various  species  of  Ceiitaurca  (the 
blue  oom-fiower)  and  in  other  situations. 

In  their  sensibility  to  gravity y  whose  direction  they  are  a  Me  to  appreciate 
plants  have  an  actual  separation  in  sjiace  of  the  i-eceptor  and  effector  as  there  it 
in  animals.  It  i-^  the  point  of  the  growini,'  rootlet  that  is  sensitive,  while  the 
response  occurs  in  a  region  at  some  distance  from  this.  It  may  be  mentioned 
here  that  the  proof  that  the  roots  of  plants  are  sensitive  to  gravity  was  fint 
sAbrded  by  Knight  (1806),  who  used  centrifugal  force  to  replace  gravity  and  thus 
obtained  a  more  powerful  stimulus.  In  such  cases,  it  would  be  quite  justifiable  to 
speak  of  a  "refler  action." 

As  to  the  meclianism  of  the  gravity  receptors,  a  similar  view  was  arrived  at 
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independently  by  Haberlandt  (1900)  and  by  Neraec  (1900).  It  assumes  that  each 
cell  of  the  aenmtive  tusiie  correaponoA  to  a  8tatoc3'8t  of  the  animal.   In  the  plant 

cell,  the  statoliths  are  usually  atarch  grains,  which  fall  and  furti)  a  littlt-  heap  on 
the  lowest  part  of  the  cell.  Tho  precise  part  of  the  rt^l  tlms  nflVcttHl  (i»'jviids  on 
the  position  of  tho  iT>ot  or  stem  as  regards  the  vertical  line.  In  ]>lants  in  \v!iii-li  the 
statoliths  consist  of  starch,  exposure  to  cold  causes  them  to  be  ubc<i  up  ainl 
the  reaction  to  gravity'  is  abolished  until  more  are  formed  in  warmth  and  light. 

The  direction  of  Itght  is  appreciated  by  the  leaves  of  plants,  as  shown  by  their 
setting  themaelTes  at  right  angles  to  it.  Haberlandt  (1909,  p.  557)  points  out 
that,  in  many  cases,  outer  ends  of  the  epidermis  cells  are  of  a  vault*'')  h.ipe, 
so  that  parallel  mys  ot  lii.'ht  would  \ye  brought  to  a  focus  somewhere  near  tiiu  inner 
ends  of  the  ceils.  It"  the  axis  of  the  cell  is  directed  towards  the  light,  the  luiddle 
of  the  base  of  the  cell  is  most  brightly  illuminated,  and  it  is  to  be  presumed  that 
when  the  brightest  part  moves  to  one  side  or  the  other  a  reaction  takes  place  in 
the  stem,  the  result  of  which  is  to  l>ring  the  bright  spot  to  the  centre  again.  In 
other  cases  the  cuticle  is  formed  into  a  lenticular  shap<'.  HalM-rlandt  has  shown 
photographically  that  the  light  is  actually  brought  to  a  focus  on  the  inner  ends  of 
the  cells  by  these  arrangements.  * 

The  articles  on  sense  organs  in  plants  by  Haberlandt  and  1909)  will  be  found  of 

bitarest 

SUMMARY 

The  finer  the  differences  between  external  forces  which  an  organism  is  able  to 
appreciate,  the  better  equipped  is  it  to  make  use  of  or  to  defend  itself  against 

these  forces. 

Nerve  fibres  themselves  ai*e  not  sufficiently  easily  stimulated  bv  these  forr^, 
except  in  cases  where  the  latter  are  actuallv  injurious  and  damage  the  structures 
of  the  organism.  There  are,  in  fact,  free  nerve  endings  in  the  skin  for  the 
appreciation  of  such  nocuous  stimuli. 

A  mechanism  of  some  sort  is  therefore  necessary  to  luaguify  the  vaiiuus  minute 
forces  acting  on  the  organism,  so  as  to  produce  a  force  of  sufficient  magnitude  to 
set  up  a  propagated  custurbauoe  in  nerve  fibres.   Such  mechanisms  may  be  of 

(liffi'rent  kinds,  since  nerve  fibres  are  excitable  by  electrical,  mechanical,  chemical, 
and  other  stimuli.    Tliese  mechanisiufi  are  the  receptors." 

A  primitive  kind  of  chemical  sense,  allied  to  taste  and  smell,  seeiu'?  to 
one  of  the  first  developed.   Touch  receptors,  to  appreciate  delicate  contact,  would 
also  L)C  of  early  fonuation. 

Events  occurrini;  in  the  orgnni'^in  itself,  as  well  as  those  of  the  extenial  world, 
require  to  make  their  existence  kuown  to  the  nerve  centres.  Hence  we  have 
intoro-  and  extei*o-ceptora.  Amongst  the  former  are  the  proprio-ceptors,  by  which 
an  oigan  under  the  influence  of  excitation  from  the  centres  gives  information  of 
its  state  of  activity  to  the  centres  themselves. 

The  distance  receptors,  such  as  the  eye,  ear,  and,  to  a  certain  extent^  those 
for  smell,  are  the  most  important  in  the  development  of  the  highest  intelleetual 
qualities. 

Since  nerve  disturWnces  are  all  of  identical  nature,  whatever  be  the  kind 
of  external  enei*gy  which  acts  on  the  receptor  organ,  it  is  clear  that  the  dificnmce 
lx?tween  sensjitions  derived  say  from  the  eye  and  the  ear,  must  l>o  due  t»>  the 
arrangements  of  the  nerve  centres,  the  "analysers."  Thw  is  Miiller's  "law  of 
vpeiaSta  aense-eneigies."  A  nerve  fibre  of  special  senae^  however  excited,  alwaya 
gives  rise  to  the  same  sensation. 

A  receptor  organ  differentiated  for  a  particular  kind  of  stimulus,  diifers  from 
other  receptors,  in  that  it  is  sensitive  to  veiy  small  stimuli  of  the  appropriate 
kind,  which  would  be  far  below  the  limit  of  appreciation  by  a  receptor  adjusted 
for  another  kind  of  stimulus.   The  amoimt  of  light  energy  required  to  excite  the 
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rotiuai  receptors  is  very  small  indeed,  e<)mpnre<l  to  that  of  the  same  form  of 
euergy  required  to  excite  the  heat  itM  ejitons  of  the  skin,  for  example. 

In  tho  skin,  there  are  receptors  for  heat,  cold,  touch,  and  paiu.  The&o  are 
again  grouped  by  the  first  relay  of  oentn.1  analysers  into  the  two  groups  of 
protopathic  and  epksritic  sensilnlity.    These  two  groups  also  apply  to  other  regions 

of  the  body,  some  regions,  however,  being  possessed  of  re<  (^ptor8  for  the  protopathic 
group  only.    Their  more  precise  definition  will  be  found  in  the  text. 

Receptors  for  light  aiT,  in  all  probability,  arranged  to  nuike  wm  of  a  photo- 
cheiivieally  sensitive  suKstauce.  The  profluets  of  this  rpuetiun,  or  possibly  the 
ciiaugc's  of  energy  involved  in  the  course  of  the  reaction,  are  such  as  to  excite 
the  nerve  terminations.  Thus  we  may  have  a  primitive  sensibility  to  light 
situftted  in  the  skin  generally. 

Butp  to  be  of  value  as  a  distance  receptor,  an  organ  for  light  stimuli  requires 
to  be  alide  to  form  images  of  external  objects.  So  that  we  find  a  dioptric  mechanism 
present  to  produce  an  image  on  a  sensitive  surface  composed  of  a  number  of 

elements  each  connected  with  a  separate  nerve  fibre. 

The  diff  H  Tit  metluxls  of  focussing  this  dioptric  meclianism,  accoimuodation  for 
near  or  (iistum  olijeets,  are  \i\\vn  in  the  text. 

The  only  known  photocheniieiil  subutance  present  in  the  i*etina  is  tlitj  visual 
purple.  It  is  sensitive  to  nearly  the  whole  of  the  visible  spectrum,  but  whether 
it  consists  of  one  substance  only,  or  of  several,  or  whether  other  pboto^emical 
substances  are  present  is  not  yet  known.  In  order  to  account  for  colour  vision,  * 
the  photo-chemical  chan'^es  produced  by  light  of  one  wave  leii^^th  must  differ 
from  those  produced  by  another  wave  length,  so  that  different  raptors  may  be 
stimulated. 

That  vibiial  purple  is,  at  lea^t,  one  of  the  plioto-chemicallv  active  substances 
of  the  retina,  is  shown  by  the  iojct  that  the  light  absorbed  W  it  in  different 
parts  of  the  spectrum,  the  threshold  stimulus  necessary  to  produce  sensation  in 
the  peripheral  parts  of  the  retina^  and  the  bleadiing  effect  of  the  light  on  the 
pi.'inent,  all  follow  the  Same  curve.   Other  properties  of  the  visual  purple  are 

described  in  the  text. 

There  are  certain  characteristic  elect ncal  changes  produced  by  light  acting  on 
the  retina.  The  actual  curve  obtained  experimentally  is  more  or  less  complex, 
but  can  be  analysed  into  a  compound  of  three  or  mot%  simple  curves,  each  of  which 
has  an  opposite  direction  at  incidence  and  at  disappearance  of  light.  But  these 
ct>mponents  have  no  connection  with  the  three  hypothetical  sensations  of  the 
Young-HelTTilioltz  theory.  ^\ni-e  the  electrical  change  in  the  Cephalopod  is  less 
complex  iTi  n;Uure,  and  the  nerve  element.^  in  this  case  are  .separatod  from  the  eye 
itself,  It  appears  likely  that  some  of  the  complexity  of  the  electrical  change  iu  tlie 
vertebrate  eye  is  due  to  these  nerve  elements. 

There  is  reasen  to  believe  that  there  are  either  six  or  seven  primary  colour 
sensations  in  man,  as  described  by  Newton.   Further,  the  whole  spectrum  does 

not  consist  of  an  indefinite  number  of  gradations  of  visible  tint,  but  of  a  series  of 
patel^o-a,  ench  of  which,  when  isolated,  appears  to  Ix;  of  a  unifonn  colour 
(moncx'hruiuatic).  The  number  of  these  ai-eas  is  about  sixteen  to  twenty  in 
nonmil  sights  people,  but  the  precise  number  difiers  according  to  circum- 
stanoee. 

The  mechanism  of  the  receptors  for  sound  consists  of  a  membrane^  stretched 
so  as  to  be  in  a  state  of  tension  transversely  only.  Its  transverse  measurement 
increa^s  regularly  from  one  end  to  the  other,  so  that  it  is  capable  of  resonance 
to  different  rates  of  sound  vibrations  at  different  regions.  The  vibrations  of  the 
difierent  regions  are  intensified  by  the  structures  known  as  Corti's  organ,  in  order 
to  be  able  to  excite  the  nerve  fibres  of  each  region.  Degenerations  can  be 
produced  in  localised  areas  by  exposure  to  a  particular  note  for  a  long  time. 

The  receptors  for  sound  appear  to  have  arisen  sunewhat  late  in  the  course  of 
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evolutioD.  Periodic  impulses,  if  intense,  may  nSksX  toacb  reoeptora  without 
cauring  a  sensation  of  sound,  which  requires  an  appropriate  cerebral  analyav. 

There  are  certain  organs,  "  statocysts,"  present  in  practically  all  animals  from 
the  jelly  fish  upwards,  and  indeed  there  are  similar  structures  in  the  higher  plants, 

whf>sf'  function  it  is  to  enahlc  their  pov^e«i*?ors  to  fij»pmMate  thoir  position  with 
respect  t*>  the  direction  of  gmvity.    This  in  di»ue  bv  the  presence  of  a 
particle  or  particles  in  a  sac,  which  press  upon  different  receptor  endinj^ 
aoofurding  to  the'position  of  the  sac.   By  introduction  of  iron  filings,  an  animal 
can  be  made  sensitive  to  the  direction  of  magnetic  force. 

In  addition  to  statocyst  organs,  the  Tertebrate  possesses  a  system  of  three 
canals,  the  semieiixular  canals,  or  labyrinth,  on  each  side.   These  are  arranged 

to  correspond  with  the  thrro  diniens^ions  of  space  and  aiv  capahle  ftf  dctoctinL' 
rapid  movements  and  a[>jiruciating  their  direction.  This  is  done  by  the  aid  oi 
the  inertia  and  internal  friction  of  the  liquid  ^ling  theiu.  Sensitive  hairs,  attacbiil 
to  receptor  cdls  on  the  walls»  are  drawn  through  the  liquid  aitd  bent,  owing  to 
the  fact  that  the  liquid  does  not  immediately  follow  the  movement  of  the  walls 
of  the  tube  containing  it. 

Sensations  derived  from  the  labyrinth  play  a  lai^  part  in  the  maintenance 
of  the  tonic  contraction  of  the  muscles  necessary  for  posture. 

Att«'iition  i«j  call*«l  to  tin'  manner  in  which  combinations  of  f^etisations  from 
ditlereiit  nceptoi^  are  usihI  for  the  purpose  of  forming  complex  notions,  such  as 
those  <'f  sj'.ice  and  time,  etc. 

Plants,  also,  have  developed  means  of  intensifying  and  detennining  the 
direction  <^  external  forces,  especially  those  of  gravity  and  of  light.  The  r^oo 
of  a  growing  root,  for  example,  sensitive  to  gravity  is  not  identical  with  that  in 
which  the  response  takes  place.  The  mechanism  ap(>ears  to  be  the  aame  as  that 
of  the  animal  statocysts,  grains  of  starch  being  generally  the  movable  particles. 

Tlie  direction  of  light  is  appreciated  by  the  leaves  of  plants  owing  to  refraction 
.    by  the  outer  ends  of  the  epidennic  cells,  these  ends  beini;  shaped  as  h  iiv.  s.  By 
thit>  means  the  spot  most  brightly  illuminated  on  the  base  of  the  cell  diners  in 
position  according  to  the  direction  from  which  light  rays  enter  the  epidermis. 

Certain  plants  possess  structures  very  sensitive  to  touch,  and  in  many  ca**^  a 
npid  movement  of  an  organ  results  from  a  slight  stimulus. 
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CHAPTER  XVIII 
TONUS 

Ibis  word  really  implies  a  state  of  persistent  excitation  and  is  appropriate  enough 

as  applied  to  the  cnudition  of  a  nerve  centre  when  sending  out  a  constant  stream 
of  impulses  which  maintain  some  etVector  organ  in  a  state  of  actrvitv.  Ah  we  shall 
see  presently,  however,  it  does  nut  so  well  apply  to  the  case  of  smooth  imisrle, 
'which  may,  as  it  seems,  remain  in  a  shortened  state  without  necessarily  being  iu  a 
state  of  excitation.  Since  it  is  to  tbis  case  that  the  name  has  most  commonly 
been  applied,  and  the  last  wwd  has  not  yet  been  said  as  to  the  nature  of  the 
process,  we  may  retain  the  name  for  both  kinds  of  [tbeaomena.  Wi^h  regard  to 
the  history  of  the  name  and  idea,  see  Sherrington  (1919j. 

As  indicated,  there  ai"e  three  sets  of  phenojueiia  to  be  taken  acc«junt  of, 
although  perhaps  only  for  convenience  of  description,  (i.)  The  prolonged  state  of 
contraction  of  smooth  muscle,  which  is  automatic,  or  independent  of  the  receipt  of 
excitatory  impulses  from  nervo  centi-es.  (ii.)  That  shown  imdor  eertain  conditions 
bv  the  cross-RtriattHl,  skeletal  muscle,  of  wliirh  mention  has  already  been  juade  as 
" decerebmte  rigidity"  (page  4 17),, and  is  dependent  on  stimuli  fi-om  the  centres, 
disappearing  when  these  are  ciit  oft  (iii.)  Th»  state  of  some  nerve  centres 
themselves,  in  which  they  appear  to  give  out  constantly  nerve  impulses  apart 
from  the  receipt  of  messi^cs  from  receptor  organs/  The  discharges  of  such  centres 
are  frequently  rhythnnc,  as  in  the  case  of  the  respirator}'  centre. 

We  will  take  first  the  case  of  smooth  muscle,  with  its  natural  "  tonus." 

TOKUS  OF  SMOOTH  MUSCLE  OF  VARIOUS  KINDS 

It  is  a  genend  property  "f  this  kind  of  tissue,  wherever  met  with,  to  maintain 
itself  in  a  cei't^iin  degri'c  ot  shoi  teniiiL'  apart  imm  impulses  from  nerve  centres,  it 
ia  also,  almost  invariably,  provided  with  two  kinds  of  nerves — a  set  which  increase 
the  ton^  excitatory,  and  a  set  which  diminish  it>  inhibitory. 

This  peripheral  tonus  may  also  show  itself  as  rhythmic  changes,  as  in  the  case 
of  the  heart  muscle  As  has  been  remarked  abov^  this  structure  behaves  as 
smooth  muscle. 

In  the  first  place,  what  is  the  evidence  of  a  natural,  inherent  tonus  in  smooth 
muscle,  omitting  the  heart  for  the  present  1 

The  Blood  Vessels. — Goltz  was  the  first  to  point  out  that  the  dilatation  of  the 
blood  vessels,  which  results  from  section  of  their  constrictor  nerves,  on  accoinit 
of  the  cutting  off  <»f  rontinimtis  impuls(»s  frf>ni  the  vaso-constrictor  centre,  is  not 
8o  great  as  tliat  pro<iuce<l  by  stiruulHtion  of  dilator  nerves  (Goltz,  Freusl>erg,  and 
Gergens,  1875,  p.  62).  Thus,  after  section  of  the  vaso-constrictors,  a  state  of 
moderate  contraction  still  remains,  which  can  be  further  reduced  by  stimulation 
of  dilator  nerves.  Tbis  moderate  tonus,  left  by  section  of  constrictors,  increases 
in  a  few  dnvs,  and  Wcomes  nenrly  cfjual  to  the  original  one  in  some  weeks, 
although  the  nerves  may  not  imve  regenerated  (Goltz  and  Freusberg,  1674, 
p.  175). 

In  the  frog,  after  pithing,  rhythmic  contraction  of  arterioles  is  present, 
while  the  vessels  can  still  be  dilated  by  the  action  of  carbon  dioxide  (Bayliss» 
1901,  l)i  showing  that  they  were  previously  in  a  state  of  contraction. 

In  the  mammnl,  after  destruction  of  the  spinal  cord,  although  all  nei\>'ns 
influence  is  thereby  cut  oft^  the  artijrial  pi-essure  remains  at  30  to  50  mm.  of 
mercury. 
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^I'Wjlliam  (I'JOl')  found  tlmf  ex(ris(»d  mammalian  arteries  pass  rt^dilv  into 
a  btate  of  contraction,  which  aeemii  to  depend  upon  a  supply  of  oxygen.  T})ey 
can  be  relaxed  by  carbon  dioxide.  Similar  obtier\  ations  on  the  effect  of  oxygen 
and  carbon  dioKide  were  made  by  Severini  (1878,  p.  93,  and  1881)  on  the 
mesenteric  vessels  of  the  frog. 

Reaction  to  Sf refchhifj  —The  dc*ner\atf<l  smooth  muscle  of  tho  f-irthworm  was 
shown  by  Straub  (1900)  to  resyM>ncl  stretching  by  a  f  ontnn  tn  n  (see  Fig. 
132,  page  436).  The  stomach  of  the  frog  behaves  similarly-  ^Winkler, 
The  qu(^on  of  the  b^aviour  of  the  arterioles  will  be  diHrniwed  in  Chapter  XXnl 
The  MuteUa  of  the  Chromatophoree  of  the  Cephalopcd. — ^Hofimaim  (1907,  3) 
showed  that  there  are  no  periphanal  ganglia  in  this  ciase,  but  that  the  tonn$ 
returns  after  section  of  the  nerves.  He  is  inclined  to  attribute  it  to  ane&ctoC 
carbon  dioxide  in  moderate  concentration. 

The  Adductor  Muade  of  Atwdonta. — Pavlov  (1885,  pp.  21,  22)  showed  tlmi 
the  tonus  of  this  muscle  is  not  due  to  nenrons  fmpnlseB  from  ganglion  oeUs,  since 
it  d««»s  not  disappear  when  the  %  isceral  ganglion  is  removed,  and  there  are  no 
ganglion  cells  in  the  muscle  itself,  lint  stimulation  of  the  ncrv^es  fn>in  the 
visoeral  j^nglion  to  the  muscle,  after  the  gan^elion  itself  has  been  cut  out»  cau&M 

inhibition. 

This  reference  to  the 
adductor  muscle  of  the 
Mollusc  leafls  us  to  consider 
some  noteworthy  peculiarities, 
which  are  most  eai»ily  inves- 
tigated in  thc^c  orgaiusms, 
although  they  seem  to  be 
moie  or  less  present  in  tU 
smooth  muscle,  and  perhaps 
even  in  skeletal  muscle^  as  we 
shall  uee  later. 

THE  "CATCH"  MECHANISM  IN  SMOOTH  MUSCLE 

I  use  the  M'ord  "cntrh  "  as  a  tmnslation  of  von  Uexkiill's  nnmp  "  Sperning,'' 
but  it  is  a  matter  of  ditliculty  to  iind  one  which  suggests  the  complete  meaning 
of  the  German  word.  Before  trying  to  explain  the  idea,  we  will  examine  a  few 
experimental  facts. 

The  strength  with  which  a  bi'Vilve  mollusc  holds  its  shells  together  is  known  to 
every  one  who  ha.s  triffl  to  open  an  oyster  by  merely  ymlling  the  shells  ajiart 
On  the  face  t»f  it,  there  is  nothing  to  suggest  tliat  this  fact  may  not  be  due  to  iht: 
reflex  continction  of  a  powerful  muscle.  It  is  found,  however,  that  weights 
may  be  arranged  to  pull  continuously,  and  yet  the  sheUs  nmain  firmly  dosed 
against  a  considerable  force  for  many  days.  To  take  an  eYftampIc^  it  requires  a 
tension  to  be  exerted  by  ea<]i  square  centimetre  of  the  adductor  of  Dioxinia 
exoif,tn  equivalent  to  the  weight  of  2,400  g.  in  order  to  close  the  shells  against  the 
elastic  cushion  which  forces  them  open.  Yet  the  animal  can  do  this  for  twenty  to 
thirty  days  continuously  without  evidence  of  latqpie  (Fsmai^  1910).  Oamaimr 
tion  of  such  facts  led  Griitsner  (1904)  to  suggest  that  the  muscle  fibres  cannot  be 
exerting  tensile  stiess  1]^  a  continuous  excitatory  process  but  that  the  fibres  must  be 
"luHikt^l  up  "  in  some  way,  by  a  kind  of  arrangemeiit  similar  to  a  ratchet,  and  kept 
in  the  position  to  whicli  the  shortening  process  brought  them.  If  wc  raise  a 
weight  to  a  certain  ht^ight  and  hold  it  suspended,  we  have  seen  that  considerable 
work  has  to  be  done  all  the  time  and  that  fatigue  soon  results.  But  if  a  bolt 
is  shot  out  under  the  weighty  so  as  to  support  it^  it  remains  in  the  nised  positioQ 
without  nny  further  exj)enditure  of  energy  on  onr  part. 

The  next  ex}>erimeut  is  one  on  Pecten  which  1  will  give  in  the  words  of  von 
Uexkull  (11)12,  p.  311).  "If  one  takes  a  normal  Pecten  out  of  the  water,  it  gives 
two  or  three  fiaps  with  its  shells  before  pmmanently  closing  them.  While  it  is 
open,  a  piece  of  wood  is  pushed  between  the  shells,  which  then  dose  and  hit  uifsA 


Fio.  169.  DiAORA  M  TO  illustrate;  a  catcu  or  ratchet 
MCfjHANiSM. — The  upper  piece  can  be  pushed  in  the 
direction  of  the  arrow  and  the  total  feogib  of  the 
model  shortened  in  this  way.  But  the  upper  piece 
ceonot  be  moved  bedc  egein,  unlwie  the  two  pieces 
are  intentionally  Bepamted  from  one  another  by  the 
depth  of  a  tooth. 
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the  wood  with  so  powerful  a  crash  that  their  edges  ave  splintered.  The  wood  is 
then  held  as  in  a  vice.    One  caa,  however,  pull  it  out  by  twisting  it  about 

backwards  and  forwards,  and  then  one  is  surprised  to  see  tliat  the  shells  remain 
mutionless,  just  a«  would  the  jaws  of  a  vice  if  an  object  clamped  between  them 
had  been  forced  out.    The  shell  movement  shows  not  the  least  degree  of  elasticity. 
The  mnacular  fibres  seem  to  have  been  suddenly  froKen  solid.'*   If  one  next  tries 
to  cpen  the  shell,  no  effisct  can  be  prodnoed,  hut  even  the  pressure  of  a  finger  is 
snffieieiit  to  press  them  nearer  together,  and  in  this  position  they  remain  fixed 
again,  so  that  tliey  cannot  be  brought  biick.    The  nearesit  mechanical  illustration 
that  can  be  given  is  that  of  two  ra«"ks  with  saw  teeth,  as  in  Fig.  1G9  ;  these  will 
^lide  over  one  another  a£  puiitxi  lu  ih©  direction  of  the  arrow,  but  resist  any  pull 
in  the  opposite  dirso- 
tion.  *    Tlie  fact  that 
the   animal  it*>elf  can 
allf^v.'   tlie  shells  to 
open,   bitows  that  the 
"c*tch"  can  be  re- 
moved  by  sonw  means. 
This,  as  we  shall  see 
presently,  is  done  by 
"  in\ul>ition  "  from  the 
centi-ul  nervous  system. 
In  the  model,  it  might 
be  supposed  to  be 
effected  by  separation 
of  the  two  racks  to  the 
extent  of  the  depth  of 
a  tooth.    The  device 
of  Fig.  170  may  per- 
liaps  assist  in  under- 
standing  the  process. 
If  a  jflat  pit-f-e  of  soft 
iron  be  arraugtjd  so  as 

to  be  able  to  ^ove 
aioimd  an  axis  at  one 

end,  and  an  electro- 
macjnet  fixed  at  a  short 
distuMce  Hlx)ve  it,  on 
sending  a  current 
through  the  ooils  of 
the  magnet  the  weight 
of  the  piece  of  iron  is 
mised  ;  but,  in  order  to 
hold  it  up,  energy 
must  be  continually 
supplied  to  the  magnet, 
and  this  energy  is  fh^^^ipntf  d  as  heat.  This-  part  of  the  process  rorrcsponds  to 
the  Ijehaviour  of  the  sartonus  muscle  of  the  ivo'^  in  A.  V.  Hill's  experiments 
((Mige  450).  Suppose,  however,  that  a  thin  strip  of  steel  spring,  with  a  little 
projection  on  it,  is  arranged  at  right  angles  T^tically  at  the  free  end  of  the 
piece  of  iron,  and  in  such  a  position  that  the  projection  together  with  the  spring 
ean  be  pushed  back  by  the  iron  weight  as  it  rises.  When  the  weight  has  pas.sed 
over  the  projecting  bit,  the  spring  flies  back  undcmeath  the  weight,  and  the  latter 
will  remain  snspemlrd  wlien  the  current  is  switched  off  the  magnet.  In  order  to 
allow  it  to  fall  again,  a  second  electro-magnet  is  fixed  at  the  back  of  the  spring 
and,  when  this  magnet  is  actuated,  the  support  is  drawn  back  with  the  spring  and 
the  weight  fslls.  This  lost  mechanism  correspcmds  to  the  impulses  from  the 
central  ncn  ous  system,  which  release  the  adductor  muscle  of  the  mollusc. 

Now  the  muscle  which  has  this  remarkable  property  must  be  able  also  to 


no.  170.   Apparatus  to  uxustkate  tbs  xicbakism  or  a 

T0ND3  MUSCLG. — If  the  Upper  elf  (  t  ro  magnet  ia  actuated  by 
closing  the  lower  key  on  tne  right,  the  inm  lever,  with  the 
weight  attached,  is  raised.  In  this,  it  pushes  back  the  thin 
vertical  steel  spring,  until  the  end  of  the  lever  has  passed  the 
tooth.  When  this  happens,  the  bprins  flies  back  and  the 
lever  is  now  supported  on  the  top  of  the  tooth,  eo  that  the 
magnet  may  now  be  put  out  of  action  without  the  weight 
falling.  To  release  the  weight,  so  that  it  may  fall  again, 
the  t'lectro-nia^net  on  the  left  must  l>o  actuated  bv  means 
of  the  upper  key.  This  attracta  the  spriog  and  draws 
away  the  sappoit  from  the  lever,  which  then  falh  until  it 
reaL-hes  the  pointed  support.  Finally,  the  circuit  of  the 
Bocoud  electro*ntaj|iQ6t  is  broken,  the  spring  flies  back  and 
the  ai^aiatus  it  in  ita  original  atats.  The  two  keys  may 
be  auppoBed  to  be  nervw  oantrea. 
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shorten  actively  and,  indeed,  if  tested  by  pressing  a  hard  object  uptjn  it,  it  is  fi>und 
to  be  (|uite  soft  when  relaxed  and  as  hard  as  cartilage  when  in  the  contracted  state. 

If  Fig.  171  be  exaniinc<l,  it  will  be  seen  that  the  adductor  muscle  consists  of 
two  distinct  parts,  a  larger  round  part,  which  has  a  clear  appearance  and  wjnslsts 
of  cp-KSS-striated  fibres,  and  a  smaller  more  opaque  part,  of  smooth  fibi-es.  In  order 
to  distinguish  them,  we  may  call.,  with  von  Uexkiill,  the  former  the  "motor" 


Pfr. 


A.U. 


A.S. 


ALoS 


AI.C.2.  ALcL 


Ur.d. 
Br.a. 


Tn. 


Tn.r.  '  Mn. 


\ 


Fio.  171.    Anatomy  of  Pbctex. — Right  valvk  and  rioht  ix>be  or  mantle  removed. 


Avr.,  Auricle. 
Veil.,  >'entridc. 
Per,  IVricanliinn. 

A.U.,  Noii-»ttriat«.'«i  j<art  of  oHductor  muscle. 
A.f.,  Striatt^l  |«art  of  adductor  uiuiicle. 
Br.a.  and  d.,  I.diiielIao  of  pilik 
Tn.,  TeutAcle*. 


Tn.v.,  Velar  tentacles. 

E.  ,  Eye. 
iln.,  .Mantle. 
v..  Velum. 

F.  .  Foot, 

Ln.p.,  Liiminent  pit. 

At.c.  1  tv  5,  I'arLx  of  alinieiitArr  canal. 


(Repr<xluce<l  by  i>ermiPsion  of  the  Liverpfx»l  Marine  Biology  Cotumittee. 
For  the  meaning  of  the  renminiiig  letters,  sec  the  original  njunogiaph 
by  W.  J.  Dnkin,  11H>I>,  pi.  2,  Fig.  1.) 


muscle  and  the  latter  the  "catch"  muscle.  The  reason  is  that,  if  the  "catch" 
mu.scle  l>e  remove<l,  the  motor  mu.scle  can  l)e  excited  to  contraction  and  keeps  ti  e 
shells  clostnl  as  long  a,s  the  stimulation  lasts  ;  but,  as  soon  as  this  cea.ses,  the  elastic 
hinge  causes  them  to  open  again.  If  the  "catch  "  mu.scle  lie  cut  through  while  tie 
shell  is  close<l,  the  other  nmscle  is  unable  to  keep  it  clo.sed  ;  wherea.s,  if  the  motor 
nm.scle  lx»  diviflwl,  the  shell  n'mains  closed.  Thus  the  large  motor  muscle  seeas 
to  bring  the  shells  together  quickly  and  for  a  moment ;  the  smaller  catch  muscle 
then  holds  them  fast  in  the  pasition  to  which  they  have  l)een  brought  by  the 
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contraction  of  the  other.  In  its  contraction  it  follows  up,  as  it  were^  that  of  the 
other  muscle  ami  fixes  the  whole  system  at  the  point  where  it  stops. 

Auoiher  aspect  of  the  phenomenon  is  pointed  out  by  Parnas  (1910).  If  we 
try  to  pull  apart  the  shells  of  Pecten  by  means  of  weights,  we  find  that,  as  already 
meatkmed,  a  very  large  weight  is  required  to  do  so.  If,  however,  we  hang  a 
oonnderaUy  lees  weight  on  the  shells  when  open,  tliey  are  unable  to  cloee  a^inst 
it.    Thus  the  muscle  is  able  to  hold  up  a  weight  wliich  it  cannot  raise. 

If  the  ner\'es  from  tlie  vif^ceral  pinglia  to  the  uiusrles  are  cut  through  while 
the  shell  in  open,  stimulation  of  the  muscle  ends  of  the  nerves  will  produce 
conttaction  but  no  maintenance  beyond  the  duration  of  the  stimulation.  On  the 
uth^hand,  a  remarkable  fact  sliows  itself  if  these  nerves  be  cut  while  the  catch 
mechanism  is  at  work,  the  shells  l)eing  closed  ;  there  is  no  relaxation,  neither  can 
stimulation  of  the  nerves  remove  the  catcli.  The  catch  nins<  k>  remains  pei^ 
maiiently  at  the  length  it  had  at  the  moment  when  the  nerves  were  cut. 

But  there  are  oth^  nerve  cords,  one  on  each  side,  which  connect  the  visceral 
ganglia  witili  the  cerebral  mass,  and  electrical  stimulation  of  these  nerves  is  able  to 
control  the  catch  musde  in  both  directions.  That  of  the  right  side  causes  its 
inhibition,  so  that  the  shell  opens.  That  of  the  left  si<]f' causes  shortening  and 
catch  action,  so  that  the  shell  is  pemianenily  closed.  These  \arious  observations 
are  due  to  von  UexkUll,  who  regards  them  as  a  confii'mation  of  his  view  that 
"ejEcitation'*  is  not  a  wave  of  change  passing  along  a  nerve,  but  something  which 
flows  hither  and  thither  like  a  fluid.  He  speaks  of  the  tonic  state  in  which  the 
catch  muscle  remains,  when  its  nen'es  are  cut  while  in  that  contracted  condition, 
Bs  the  "  tonus-  or  excitation-trap."  This  view  has  been  criticised  on  a  previous 
page  (page  424). 

A  (xuTcsponding  phenomenon  is  described  by  Vei-ess  (190iJ,  pp.  195-196)  in  the  - 
caterpillar  of  Cossub,  after  it  has  spun  its  ooooon.   If  extractea  from  the  cocoon 
and  pinned  out,  it  exhibits  rhythmical  contraction  of  the  muscles  of  the  body  wall. 

Tliesf*  can  be  inhibited  by  touching  the  cuticle.  But  the  intoro*^ting  point  is  that 
at  whatever  stai!:e  of  contraction  the  muscle  may  l)c  in  at  the  time,  it  is  fixed  at 
that  stage  for  a  certain  period.  The  *' inhibition  iill'ects  only  the  rhythmical 
movements ;  it  does  not  canse  relaxation  of  the  muscle,  but  merely  fixation  at  that 
d^ree  of  oontraction  which  existed  at  the  moment  of  the  stimulus. 

Brief  reference  may  be  made  to  some  other  cases  in  which  similar  phenomena  are 
to  be  «.cen.  The  apineaof  fhe  urchin  are  surroundefl  at  their  bases  by  a  circle  of 
about  thirty  double  muscles  around  each  spine.  Each  of  these  muscles  consists  of 
an  inner  cord,  white  and  o^tiit^ue,  and  an  outer  one,  clear.  If  we  apply  a 
momentary  stimulus  to  the  integument  near  one  of  the  spines,  the  muscles  on  that 
side  contract,  but  only  for  a  moment,  and  the  spine  afterwards  returns  to  its 
original  position.  If  the  stimulation  be  repeated  several  times,  the  -^pine  is  pulled 
I'Vt  r  and  remains  so  for  a  considerable  time  after  the  stimulation  ceases.  In  this 
otate  it  opposes  much  i*csistance  to  being  displaced.  The  single  stimulus  excites 
only  the  outer  motor  muscles ;  the  repeated  stimulation  excites  the  inner  catch 
mtiscles  in  addition  (von  Uexkiill.  1009,  p.  91). 

A  mechanism  similar  to  that  of  Fecten  has  been  described  by  Jordan  (1913)  in 
the  case  f  )f  Holothuria. 

The  phenomena  shown  by  Sijjunculus  are  very  instructive.  When  the  body 
wall  of  this  tubular  animal  contracts,  it  forces  out  the  proboscis,  exerting  a 
pressure  ol  about  six  centimeto»  of  mercury.  The  proboscis  is  then  cut  off,  the 
central  nervous  system  removed,  and  ihe  remains  of  the  body  tube  tied  on  to  the 
end  of  a  glass  tube.  Sea  water  is  then  poured  into  the  tulje  until  its  level  is 
alxjut  half  way  up  the  tube.  Then  the  ]>n'j>Mialii.»n  is  immerse<l  in  <f^}\  water.  It 
is  found  that  to  whatever  depth  the  body  tube  is  immersed,  the  meniscus  always 
remains  at  the  same  place;  in  other  words,  the  capacity  of  the  sac  remains 
constant,  although  the  actual  internal  pressure  must  be  considerably  greater  when 
it  is  in  air  than  when  the  weight  of  the  water  inside  is  counterbalanced  by  that 
outside.  That  i><  the  niuicle  JUnrea  can  maintain  the  taam  length  in  equilibrium 
tciih  different  jjressurts. 

This  phenomenon  is  also  to  be  met  with  in  tlie  urinary  bladder  of  tlie  higher 
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vertebrates,  acconiiuL;  to  the  researches  of  Mosso  and  Pellacani  (1882).  It  was  ' 
found  that  the  iuternal  pressure  which  this  organ  can  withstand  without  further 
diBtension  is  independent  of  the  actual  distension  existing  at  a  given  tirae.  That 
18,  the  length  of  the  muscle  fihres  of  its  wall  may  be  ver^-  different  and  yet  have 
the  same  teii'^ion  ;  or  rather,  as  we  should  sav.  in  view  of  the  1>ehaviour  of  the 
invertebrate  tmiscle,  tlic  fibres  may  be  "hooked  up'  by  a  catch  meclianism  at 
various  degrees  of  shorteoiiig.  It  will  be  noted  that  in  this  case,  as  in  some 
others  to  M  mentioned  later,  the  motor  and  catoh  mechanisms  most  be,  as  far  as 
we  know,  in  the  same  muscle  fihre. 

The  next  question  with  which  we  are  fiftoed  in  the  consideration  of  this 
prolonged  "  tonic  "  contraction  of  smooth  muscle  is  whether  the  st'U»>  is  associated 
with  any  increase  of  metaholism  beyond  the  normal  one.  If  the  muscle  is  \\A>\ 
iu  the  shortened  position  by  a  catch  or  ratciiet  mechanism,  it  would  appear  liiiii 
increased  metaboHsm  is  not  to  be  expected,  or  of  a  mudi  less  degree  than  in 
tetanic  contraction.  Pamas  (1910)  has,  in  fact,  made  experiments  which  show 
that,  in  the  bivalve  mollusc,  none  is  to  l)e  detected.  He  loaded  mussels  (Anodonta), 
whose  adductor  muscles  had  an  area  in  section  of  0-3  sq.  cm.,  with  a  weight  of 
3,000  g.  for  tiiree  hours  and  found  no  inci^ease  in  the  respiratory  exchange,  eitlier 
during  or  after  the  loading.  Indeed,  if  one  compares  the  entire  respirator)' 
metabolism  of  these  animals,  under  the  conditions  stated,  with  the  increase  in  that 
of  a  skeletal  muscle  of  the  mammal,  also  holding  a  weight  of  3,000  g.  per  0'3  8q.€nL, 
it  only  finionnts  t'^  ah  .rit  0  00003  of  the  latter,  calculated  from  results  on  the 
entire  metabolism  in  man.  The  anodon  muscle  uses  0'008  mg.  of  oxygen  }>^r 
hour,  as  compared  with  some  2-8  mg.  for  the  gastrocnemius  of  the  cat  (Verzar,  . 
1912,  1,  p.  248).  Take  another  «iperiment  bv  Pamas  on  three  specimens  of  [ 
Vem^s,  which  consumed  3*222  mg.  of  oxygen  in  tour  hours,  or  0'805  mg.  per  boor.  ' 
Loaded  with  1,000  g.  each  for  three  hours,  the  consumption  was  0*786  mg.  p*  ;" 
hour,  and,  «'iV>sequently,  without  load  for  three  hours,  0-811  rn<_j  y>er  hour.  A 
Pecten  consumed,  at  rest,  0'672  mg.  of  oxygen  per  hour ;  under  a  load  of  500  g.,  f 
0  6  7  9  mg.  per  hour.  [ 

Bethe  (1911)  investigated  the  question  in  another  way  and  confirmed  the  ! 
Wew  of  Pamas.  He  found  that  no  evidence  was  to  be  obtemed  of  fatigue  nor  of  j 
I0S.S  of  weight  ill  fasting  molluscs  holding  up  a  weight  for  a  considerable  time. 
If  the  consumption  of  carbohydrate  had  l)een  comparable  with  that  of  crtiss-  ; 
striated,  skeletal,  vertebrate  muscle,  an  amount  gt^ter  than  the  weight  of  the  . 
entire  animal  must  have  been  burnt  up.  [ 

An  interesting  calculation  is  made  by  Bethe  on  the  tonus  of  the  arterioles  in  < 
a  "M"ww>^  If  the  mechanism  were  like  that  of  the  skeletal  muscle,  one-sixth  to  \ 
one-quarter  of  the  whole  resting  metabolism  of  the  animal  would  be  in  the  | 
arterioles,  I 

The  hardness  of  a  muscle  is  proposed  by  Noyons  and  >ou  UexkUll  (1911), 
as  a  test  of  the  tonic  activity  of  the  catch  mechanism.  In  the  leech,  the  same 
leni^'tb  of  animal  may  in  one  case  be  under  a  tension  of  10  g.,  in  another  of  70  g., 
and,  to  the  eye,  they  have  much  tlie  same  appearance.  Tested  by  the  apparstos 
of  the  above  investif^ators,  the  greater  hardness  of  the  latter  is  made  apparent. 

Although  it  seems  established  that  certain  muscles  are  able  to  hold  up,  by  moans  of 
the  ^'oatoh"  meohanism,  a  weight  for  a  oomidenihle  time  withont  appreoiable  ooosamptton 

of  energy,  the  work  of  Cohnhoim  (1912,  3)  on  Si/iu)i<~H/>iM,  aiul  of  Cohnheiii)  and  von  T'  x'k  1' 
on  the  leech  (1912),  showed  that,  whea  loaded,  the  energy  cooiiumptioa  is  greater  la  tUe^e 
animals  than  when  nnloaded.  But  it  is  plain  that  it  is  difficult  to  be  oertain  that  theie 
is  no  reflex  eflFeot  on  other  mu'^clr*^  nr  organs,  on  account  of  the  a^  i  .  riTi.il  onditinns  ]nv•'^•tJf 

An  appropriate  form  of  apparatus  for  the  mvestisatioa  of  the  phenomena  of  touua, 
•^pe<u«lly  in  the  mail,  is  deaortbed  by  Joidan  (1908,  1912). 

Of  oounie,  tiie  comparison  of  the  meeiiatii»ut  iu  question  to  tiiat  of  a  catch 
or  ratchet  is  only  intended  to  assist  the  reader  in  grasping  the  mecbaoioal 

conditions  present,  which  are  similar  in  both  cases.  As  to  the  a<  tvial  process 
itself,  hj'pothetical  suggestions  rmly  can  be  niade  in  the  present  state  of  knowledge. 
The  state  of  tension  into  wiii(>h  a  skeletal  muscle  of  the  veitebrate  is  put  by 
Stimulation  passes  olf  automalieally  when  the  stimulus  is  removed.  Wiuito'er 
may  be  the  cause  of  tiiis  increased  tension,  whether  the  setting  free  of  some 
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substance  which  increases  surface  energy  or  osmotic  enor^,  it  disappears  again 
spontaneously,  under  the  usual  conditions.  The  permanent  tonic  state  of  the 
smooth  muscle,  which  we  have  l)een  discussing,  might  be  explained  by  supposing 
tliat  the  internal  changes  in  the  muscle  cell,  which  result  in  the  increase  of  tension, 
arc  prevented  fr()m  disapi>earing.  The  mechanism  which  is  re'sponsible  for  the 
bringing  about  of  this 
temporary  irreversibility 
of  the  contractile  process, 
may  he  put  into  action, 
or  inhibited,  by  the  inter- 
vention of  special  nerve 
fibres.  The  state  of  ten- 
sion into  which  excitation 
puts  the  muscle  thus 
riMuains  until  the  extemal 
iiihibitorj"  influence  comes 
into  play  and  sets  going 
the  opposite  process 
associated  with  relaxa 
tion,  in  which  the  pro- 
ducts of  the  contractile 
process  disappear. 

We  have,  in  fact,  in- 
dications of  something  of 
this  sort  in  the  "con- 
tracture," associated  with 
fatigue,  in  the  skeletal 
muscle,  as  well  as  in  the 
action  of  veratrine  (page 
417)  and  of  certain 
electrolytes  (Mines,  1912). 
Moreover,  we  shall  see 
presently  that  the  tonic 
contraction  of  decerebmte 
rigidity  presents  some 
peculiarities  of  this 
nature,  when  compai*e<l 
with  ordinary  reflex  or 
voluntary  tetanus. 

If  we  suppose  the 
actual  state  of  contnic- 
tion  of  the  muscle,  as  well 
as  tlie  excitatoiy  process 
which  precedes  the  con- 
traction, to  be  associated 
with  some  degree  of 
electrical  negativity,  and 
this  .seems  to  be  the  case, 
at  all  events,  in  the  lieart 
(see  Figs.  172  and  173) 
and  in  the  voluntary 
muscle  under  veratrine 
(de  Boer,  1913,  2),  then 

tile  ol^servations  of  W.  F.  Ewald  (1010)  are  to  the  point  here 
the  adductor  muscle  of  Anodonta,  he  f»»und  two  .states  of  electrical  negativity, 
one,  the  "  twitch "  cuirent,  which  ap|K'ars  at  the  begiiuiing  of  a  reflex  closing 
of  the  .shell,  probably  the  contraction  of  the  motor  muscle,  and  another  one 
following  this,  a  slow  one,  and  apparently  proct^ing  pari  passu  with  the  degree 
of  tonus  of  the  catch  muscle.    Tins  latter  is,  according  to  the  investigator,  steady 


Fro,  172.  Electrical  chan-ce  withoct  contraction.— The 
upiMfrmost  curve  in  each  of  the  three  tracings  is  the  niovo- 
ment  of  a  lever  connect«Ml  to  the  auricles  of  the  Crog's  lieart. 
The  middle  one  i»  the  record  of  the  strinc  galvanometer. 
The  lowest  one,  the  Ixjat  of  the  ventricle.  The  upper 
tracing  is  a  normal  one,  the  perfu.«»ion  fluid  containing 
calcium.  Tlie  middle  tracing  shows  the  effect  of  omitting 
calcium.  The  electrical  change  jH'rsi.Hts,  but  there  is  no 
change  of  form  of  the  mu.scle.  Tlie  lowest  tracing  waa 
obtained  after  adding  strontium  in  amount  e<|uivalent  to 
the  calcium  of  the  upper  tracing.  The  Ix.'ats  return,  as 
Ringer  showe<l,  but  are  considembly  increased  in  dura- 
tion. Note,  especially  in  the  last  tnirve,  that  the  electrical 
change  I)egin8  and  ends  rather  earlier  than  the  mechanical 
one,  but  that  the  total  duration  is  the  .same. 

(Minos.  101.1.  .3,  p.  230.) 
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and  not  of  a  discontinuous  nature,  in  fact  it  seems  like  that  of  the  mechanical 
state  of  the  muscle.  One  would  Ik?  inclined  to  a^MK-iate  it  with  the  persistence  of 
the  state  t)f  tensile  stress,  which,  owing  to  the  existence  of  the  mechanism  pre- 
venting its  disappearance,  remains  in  the  state  to  which  it  was  brought  by  the 
stimulus. 

If  the  electrical  response  is  due  to  the  disappearance  of  the  polarised  state 
of  some  membrane,  owing  to  its  becoming  completely  permeable,  it  might  be 
suppofrwl  that  the  mechanism  consists  in  some  methcxl  of  maintaining  the  state  of 
permeability. 

THE  AURICLE  OF  THE  TORTOISE 

The  auricle  of  the  tortoise,  as  shown  by  Fano  (1887),  undergoes  slow  rhythmic 
changes  in  tonus,  on  which  the  ordinary  Ix-uts  are  superposed.    Rosenzweig  (1903) 

showed  that  these  tonic  contractions 
are  due  to  the  presence  of  non-striated 
uuiscle  fibres.  Fano  and  Fayod  (188jj) 
had  shown  that  the  vagus  nerve 
increases  these  tonic  changes,  an 
action  opposite  to  that  which  it 
exerts  on  the  auricular  muscle  proper. 
Huttazzi  (1900)  and  Oinuma  (1910) 
Confirmed  this  result,  and  showed 
further  that  the  sympathetic  nerve 
inhibits  the  tonic  clianges. 

(iaskell  (1916,  p.  82)  points  out  that  the 
(simplest  pxplanuiiun  of  tl  |)C8e  results  is  that 
the  axons  of  each  nerve  divide  into  tro 
fibres,  one  excitatory,  the  other  inhibitory. 
Some  muscle  related  to  thoee  of  the  alimen- 
tary canal  must  have  become  included  ia 
the  course  of  the  evolution  of  the  heart. 


Fm.  173.    Relative  DritAXiov  or  the  mechav- 

ICAI.  AND  ELECTRIi  AL  CHANGES  IN  THE 
AURICLE  OF  THE  ToKTOlSE. 

Upper  curve— eleotropram. 
Lower  curve — mechanical  response^ 


(Mines,  1913,  2,  p.  333.) 


TONUS  IN  SKELETAL  MUSCLE 

The  tonic  state  into  which  certain  skeletal  muscles,  most  marketUy  the 
extensors  of  the  limbs,  fall  after  .separation  of  the  centres  below  the  corjMjra 
(piailrigcniina  from  the  higher  parts  of  the  brain,  has  been  described  above 
(page  417).  Sherrington  (1909,  3)  has  discovered  that  this  condition  shows 
seveml  remarkable  properties,  which  remind  one  in  many  ways  of  those  of  the 
smtK»th  miLscles  just  describetl,  the  diflcit'iice  Ix-ing  that,  in  the  skeletal  muscle, 
the  ]>henomena  are  due  to  the  intervention  of  the  centml  nervous  system.  These 
pluMiomena  are  of  such  a  nature  as  to  have  le<l  their  discoverer  to  call  the  state 
"  Pluiftic  Tonus" 

Suppose  that  we  start  with  a  limb  in  the  rigid  state,  with  extensors  contracted, 
gnisp  the  fore  limb  and  attempt  to  flex  it.  After  a  certain  latent  time,  the 
resistance  to  movement  will  be  felt  to  relax  and  the  limb  can  be  flexetl  to  anv 
point  desire<l.  The  striking  tiling  abt)ut  this  degree  of  flexion  is  that  the  liml) 
remains  fijced  in  the  j.HKsitiun  to  which  it  was  moved.  Again,  aupptise  that  the 
tonic  rigidity  has  relaxed  spontaneously,  as  usually  happens,  and  that  we  place 
the  limb  in  various  degrees  of  extension,  again  it  remains  where  it  was  placed. 
These  jihenomena  are  due  to  reflexes  from  the  proprio-ceptors  in  the  muscles 
themselves,  since  they  disjtppear  after  section  of  the  dorsal  roots  containing  the 
att'erent  fibi-es  from  these  receptors. 

The  existence  of  this  tonic  reflex  from  the  muscle  itself  can  be  shown  bv 
stimulating  the  uncut  nerve  to  it  at  a  rate  of  about  four  to  five  stimuli  jx'r  seconcl. 
A  continuous  steady  contraction  curve  is  tmce<l  :  where<is,  if  the  nerve  lie  cut  ami 
its  i»eripheral  end  stimulateil  in  the  same  way,  a  series  of  separated  twitches  is 
tnu-t*d.  Similar  results  can  be  obtained  by  causing  reflex  contractions  in  the 
normal  and  in  the  '*  de  atferented  '  muscle.    The  former  are  of  a  tonic  nature  even 
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when  the  stimuli  ate  iiej.»aiated  by  intervals,  the  latter  ara  clonic  and  consist  of  a 
diort  response  to  each  stimulus. 

Since  the  log  is  maintained  in  a  different  positioD,  even  vlien  it  is  loade<I,  it  is 
c!e<ir  tlirtt  a  particular  length  of  iiiuscle  may  be  in  eipilibrium  with  different  hmds; 
in  other  words,  tlio  same  leniftli  of  fibre  may  have  different  tensions,  just  as  we 
saw  in  the  case  of  the  involuntary  muscle. 

Another  point  of  interest  is  that  the  reflex  contractions  o£  the  de-afferented 
muscle  are  fatigued  sooner  than  those  of  the  muscle  in  its  normal  state. 

The  mechanism  must  consist  in  each  particular  length  of  the  muscle  heing  able, 
in  some  way,  to  stinuilntc  the  receptors  of  this  muscle  in  such  a  manner  as  to 
maintain  the  de*jrec  of  (•<jnt t  action  at  this  level. 

We  must  next  consider  certain  experimental  facts  which  show  that  this  reflex 
tonic  contraction  is  a  di^rent  thing  frobd  a  steady  contraction  of  the  same  height, 
produced  by  the  application  of  repeated  induction  shocks  to  the  cut  nerve  at  a 
sutBcient  rate  to  give  a  fused  curve,  or  from  the  ordinary  spinal  reflex  described  in 
Cha].N>r  XVI. 

InhUtUioH  of  It  w  ill  bo  reiiiemUei"ed  that  Sherrington  showed  tliat,  in 

the  case  of  spinal  reflexes,  by  appropriate  relative  strength  of  stiumli  applied  to 
diffi»rent  nerves,  one  excitatoiy,  the  other  inhibitory,  anv  degree  of  reflex 
contraction  of  the  vasto<crureus  can  be  obtained.    Curves  ulustrating  this  fact 

are  given  in  Jigs.  118,  122,  and  123,  on  pages  410  115  above,  and  a  further  ono  in' 
the  upper  curve  of  Fit*.  174.  But,  supposing  tliat,  inf^tead  of  the  ordinary  reliex 
contraction,  which  can  be  reduced  to  any  desired  extent  by  diilerent  strengths  of 
the  stimulus  to  the  inhibitory  nerve^  we  take  the  tonic  contraction  of  decerebrate 
rigidity  and  attempt  to  reduce  it  to  different  degrees  by  varying  the  strength  of 
the  stimulus  of  the  same  inhibitory  nerve.  It  was  shown  by  8herrington  (1909,  2, 
pp.  250  ?md  that  no  algebraical  summation  is  possible ;  any  strength  of 

stimulu.s  whicii  has  an^'  action  at  all  pmduces  a  gradual  fall  in  the  height  of  the 
tonus,  which  fall  ccmtmues  until  complete  relaxation  results,  if  the  stimulation  is 
continued  long  enough.  In  other  words,  instead  of  falling  rapidly  to  a  certain 
point  and  remaining  there,  the  tonus  completely  disappears.  The  only  difference 
between  the  effect  of  strong  and  weak  stimuli  is  the  rafi°  of  fall.  a<.  is  seen  in  t!ie 
lower  curves  of  Fig.  174.  One  is  again  reminde<l  <  f  the  n  uioval  of  the  "catch  " 
in  the  inhibition  of  the  adductor  muscle  of  the  scallop,  although  the  mechanism  is 
p  'I  i[>heral  there,  central  here. 

Frohlich  and  Mejer(1912)  again,  have  noticed  phenomena  with  tetanus  toxin 
which  lead  them  to  regai*d  the  relaxation  of  mammalian  muscle  as  hrMiig,  in  sctme 
way,  directlv  under  the  eontrnl  of  the  central  nervous  .system.  If  a  particular 
segment  of  the  spinal  cord  is  pui^>^Jne<l  with  this  toxin,  the  muscles  supplied  by  this 
segment  enter  gradually  into  a  state  of  shortening.  In  this  state,  the  metabolism 
of  the  muscle  appears  to  be  abnormally  small ;  glycogen  accumulates  in  it  It  gives 
no  muscle  sound  and  no  vibration  on  the  string  galvanometer.  If,  however,  the 
muscle  is  passively  stretched  hy  pulling  upon  it,  the  muscle  sound  is  heard  and  the 
galvanometer  shows  the  ehaiacteri.^tic  vibratory  current  of  action  of  voluntary 
tetanu.s.  On  the  view  suggested  above,  it  might  be  supi)osed  that  the  process 
(production  of  "lactic  acid)  whidi  is  responsible  for  the  increase  of  tension  has 
become,  so  to  speak,  permanent;  hence  the  state  of  surface  tension  does  not 
disappear  spontiuieously,  owing  to  the  removal  of  the  acid  under  the  influence  of 
oxygen,  but  requires  some  nervoiis  influene«'  to  set  the  necessary  mechanism  into 
plav.  The  phenomenon  diflei-s,  however,  from  those  of  involuntary  muscle  in  that, 
in  the  ca.scs  under  discussion  here,  it  is  of  central  ongin,  as  remarked  in  the 
preceding  paragraph. 

Meiabdism. — In  the  experiments  of  Frohlich  and  Meyer,  as  given  alxjve,  it 
wa,s  noted  that  the  nictalx'lisTu  was  unustially  low.  Now  "R(»af  (1912)  has 
desci  ilKxl  experiments  in  which  he  found  that  the  carljon  dijixi' I e  output  and  also 
the  oxygen  intake  were  no  greater  in  the  state  of  decerebi-aie  rigidity  than  in  a 
subsequent  period  in  which  the  contraction  was  abolished  by  the  use  of  curare. 

It  should  be  staied  that  Lovatt  Evans  foaod  the  metebolisni  to  be  less  under  curare  than 
in  decsPBbrats  rigidity.   Of  oont«e,  earo  was  taken  in  both  sets  of  experiniente  to  prevent  fall 
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Fi'j.  Imhuitios  or  tonic  contraction. 


L  A,  I'pflex  contraction  of  va.«.to  crureu*  nuiM-lc  in  deca|'itatcil  cat.  At  the  rise  of  the  ftjjma!  /,  the 
"ceritiul  end  of  an  iiihil<itory  rurve  <i|>«4latera]  ptrontal)  \\n»  »tiniu)alc<l.  Since  the  iniiiK-le  was  free 
fr«>ni  tonuf,  no  ap|>arent  result  «a»  obtained.  At  the  rit>e  of  thevi^iul  C,  an  excitntorj-  ner»e  (con- 
triilateral  |KT<jneal)  \va<i  ^tilnulat<■<l— a  certain  d«in'»'<^  of  ct)ntmi-ti«>n.  When  the  inhihit'»ry 
■tinndiiK  wr«  removed,  there  was  a  much  (rreater  contraction,  chowint;  that  the  previoiu  coii<lition 
«  a«  one  of  l*alance.    Time  in  seconds  above. 

1.  P.  A  oiniilar  experiment,  with  relatively  greater  strenpth  of  inhibitory  etinnihif.    Tlje  ip^ade  of  con- 

tmi'tion  i<*  le«tH  than  in  1,  ^. 
Note  the  « ontinue*!  htoadx  |H><.ition  of  the  mii.v  ie  in  thf  diflertnt  de(:rc-e«  of  rela\ation. 

2.  Va>t<).»  nireu!<  in  <lcc<  febrate  rijridity.    Keflex  inhibition  produce*!  by  stimulation  of  the  lp«elat^ral 

peruneal  nerve,  with  olowly  repeated  break  induction  shocks  shown  by  algnal  lines  SA  to  SB. 
Time  in  fifths  of  seconds  by  !>i^'nal  TA—TB, 
In  f'\i>eriiiient  A,  the  strenjrth  of  the  htinnilti*  wa«  irreater  (100  Kronecker  unit-)  than  in  B  (20 
Kront<  ker  unit»\  In  )M>th,  the  relaxation  prtK-eedii  to  the  fidl  re^tin^  leitirth  of  the  muscle  ;  but, 
in  A.  It  is  rapid  and  attained  after  nine  nhix-ks,  while  in  B  it  \f  rcache<l  slowly  in  ei(fhty-six 
sItockN  of  the  weaker  stiumlus.  The  signal  line  at  the  f(K>t  of  Ute  H^mtv  marks  the  duration  of  the 
htimiilation  in  D. 

Wote  that  no  |>ennanent  intennc<{iate  slate,  due  to  bilance  of  de^e*  of  excitation  and  inhibition,  !• 
oblainisl  in  thi<«  state  of  decerebrate  tonus. 

(Sherrington,  1909,  2,  pp.  25G  '251.) 
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io  th«  tempemtiire  of  the  preparation.   In  any  caae,  it  seems  fairfy  oertain  that  miioh  Vtm 

n  t  ta^  li'-rn  is  associated  Avith  the  tunic  furni  of  contractinn.    This  fienilt  agaio  !■  to  ha  COin< 

partd  with  the  exp«rimeut8  oi  Parna«  aiidot  iivthe  given  above. 

The  reader  may  also  ln'  reuiinded  of  tlie  inefficiency  of  the  sai-torius  muscle  of 
the  frog  when  iiuiintaining  a  weiijht  by  stimulation  of  its  nerve  with  induction 
jjhocks.  This  result  led  A.  V.  Hill  (1913,  4,  p.  319)  to  suppose  that  there  must 
be  ft  more  effident  meGbanism  for  the  purpose  in  the  normal  orgunism.  It  is 
soggestiTe  that  Hill  found,  in  the  some  series  of  experiments  (p.  317),  that  the 
amount  <3i  heat  prmluccd  per  unit  of  tension  developed,  is  independent  of  tlie 
frequency  of  the  stimuli,  provided  that  the  latter  are  sufficiently  rapid  to  cause 
complete  fusion  of  twitches. 

Pembrey  (1903)  noticed  that  the  panniculvs  camoaua  of  the  hedgehog,  which 
keeps  the  aoiinal  rolled  up  into  a  ball,  was  in  a  state  of  tonic  contraction  during 
hil)emation,  a  fact  which  adds  confirmatory  evid*  n  >  to  the  view  of  Roaf  that 
decerebrate  rigidity  is  not  aBSOciated  with  any  considerable  increase  in  metabolism. 

Hfat  Prfxlncdou. — I  liiivo  myself  made  sonie  exjx*riment8  (191'2,  3)  on  the  heat  production 
in  mosetes  in  deoerebrate  ri|{tdiiy.  Although  the  work  is  not  ^et  complete,  I  found  that  there 
u  a  certain  amoont  of  heat  promieed,  in  macnitnila  varying  witii  fha  wgrea  of  tonio  oontrao- 
tioo,  although  it  is  undcmbtedly  very  much  lees  than  that  produoed  in  an  artifioial  tstantis  ct 
4  doular  height. 

SUetricm  Oftanoe. — According  to  Bnjrtendyk  (1912),  the  eleotrieal  change  in  deoerebrato 

rigidity,  as  shown  by  the  string  galvanonit'ter,  is  discontinuous  ;  a  fact  which  leads  him  to 
r«K>nl  it  a«  a  periodic  discharge  from  n<»rve  centres,  simiUr  to  tetanus.  Hofmano  (1913)  finds 
a  siniihyr  oaeiilatory  discharge  in  the  normal  tonne  of  the  ejre  nrascles  of  the  rahlnt.  We  are 
n-  t  conij>cllc<I,  however,  to  consider  this  to  V'<  tf,e  same  thing  as  fudinary  tetanus  ;  the 
{>utUng  io  action  or  removal  of  the  "catch"  mecbaniam  might  take  place  in  a  series  of  dis* 
charges.  Sherrington's  {nhibitioB  experiments  show  that  the  relaxation  is  not  imtantaneons. 
Th<-'  amplitude  of  the  electrical  waves  i^  Ic.cs  than  in  ordinary  reflex  tetanus.  But  it  is  not 
possible  to  lay  much  stress  on  this  fact,  since  it  might  be  caused  by  the  phases  of  contraction 
not  bemg  synchronoiu  in  all  fihrea.  Boy  tendyk,  however,  pointa  out  that  the  oeoiUatiooa  in 
hi<  <  itrrea  are  very  regalar,  which  seems  to  indicate  syncjaronous  atate  of  coutrMtion  hi  all 
fibres. 

Production  of  Crmtim. — Pekt-lharin;/  nud  van  H<«i;L,'enlitiyze  (1910)  found  an 
exft«!«t  of  creatine  in  invertebrate  muscle  in  tonus,  and  Fckelnaring  (1911)  found 
ci-eaiinine  in  the  urine  of  men  after  prolonged  voluntary  tonic  contraction,  but 
not  after  walking.  The  results  of  CSathcart  and  Leathes  on  uric  acid  have  been 
in^-ntioned  previously  (page  289).  Leathes  and  Orr  (191 '2),  further,  repeated 
Pfekelharing's  experiment  and  found  both  uric  acid  and  ci-eatinine  increased. 

Kflatkm  to  Labyrinth. —"Ew'tild  (1894)  pointe<l  out  the  important  relation  of 
the  hibyriuth  to  the  Luaintt^nance  of  tone  in  the  muscles  generally  and  the  loss 
of  tone  resulting  from  destruction  of  the  semicirctdar  canals.  More  detailed 
investigations  were  made  by  Magnus  and  De  Kleijn  (1912)  by  the  use  of  a 
method  d«*\  iscd  by  the  latter.  It  was-  found  that  the  tonic  contraction  of  the 
limV)  muscU's  in  decerclirate  rigidity.  e<:peoially  th>i-o  t»f  the  fore  limbs,  was  fjmitly 
influenced  by  elian^'ini;  the  position  of  the  h€*ad.  Further  analysis  showed  that 
there  are  two  factors  at  work,  relicxes  from  receptors  in  the  labyrinth  and  redexes 
from  proprio-ceptors  of  the  muscles  of  the  neck.  The  former  are  concerned  with 
the  relation  of  the  head  to  space,  independently  of  \Xs  relation  to  the  trunk.  The 
latter  are  concerned  merely  with  the  position  of  the  head  in  relation  to  tlie 
trunk.  The  lal)vrinth  ran  be  rendered  inoperative  by  the  inje<  tion  into  it  of 
a  20  per  cent.  s<»luti«in  of  e«icaine,  acconiing  to  the  method  of  De  Kleijn  (1912). 
The  neck  effect  can  be  excluded  by  making  the  neck  immobile  on  the  body  by 
encasing  it  in  plaster  of  Bans.  It  was  found  that  the  labyrinth  receptors  are 
not  affected,  as  r^^ards  their  influence  on  tonus,  by  change  of  position  in  a 
horizontal  plane,  but  changes  in  the  \ertical  plane  liave  great  effect  on  the  toims 
of  the  liml>s.  When  the  head  is  in  such  a  position  that  the  verte.x  is  upwards  nnd 
the  nose  at  an  an^^le  «>f  aU»ut  45°  looking  downwards,  extensor  tonus  is  minimal; 
with  the  vertex  downwards,  and  the  nose  at  45**  upwards,  that  is,  on  rotation 
of  180*,  tonus  is  maximal.  It  was  noticed  that,  along  with  contraction  of  the 
extensors,  there  was  inhibition  of  the  flexors.  Moreover,  in  this  connection  it 
is  intnesting  to  note  that  Magnus  and  Wolf  (1913)  subsequently  found  tliat 
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strychnine  d<jes  not  reverse  the  inhibitory  phase  of  thia  reflex,  at  all  events  in 
any  possible  dose. 


Fio.  175.    Accessory  (symi-atmetic)  nervk  kndinvjs  in  voLrsTAUY  Mrsci.r, 

A,  rrom  int«'rcf>stal  mii'wlf  of  yonni;  ral>l>if.    Matrnifle<l  1,700  times. 
bl.  Blood  vcswfl.  jKirtially  coveretl  by  the  niii'wle  fibre. 

a/,  AcceH<*ory  nerve  fibre,  which  is  «een  to  tx?  eonnecte<l  with  the  perivaspular  (nympathctic)  nerre  pJeros, 

Thii)  fibre  ei\<\-*  in  a  Kin-ojal  tttnicture,  indepen<lent  of  that  of  the  motor  fibre. 
rnf.  Motor  fibre,  with  bran<'h,  endinir  in  ordinary  end-plate. 

(Rieke,  1911.  Fig.  40.) 

S,  I'Yom  a  «!otion  of  the  stiperior  oblique  muscle  of  the  cat's  eye.   After  section  of  the  trochlearis  nerre  and  deffener*- 

tion  ol  the  motor  fibres, 
m,  De^nerated  motor-nerve  fibres  with  remains  of  end-plate. 
(tf.  Accessory  fibres  intact.    The  h>-polemnial  ending  of  one  is  seen  in  ])rofi]fc 

(Boeke,  1913,  Fig.  10.  p.  353.) 

C,  Ending  of  fine  non  mwliillated  fibres,  af.  on  muw^Ie  fibre  of  the  reftus  sujHjrior  oriili  of  the  cat.  These  endiiics 
lie  in  a  trratnilar,  nucleate*!  protrusion  of  mrcoplasm.  Tlie  nerve  fibres  themselves  hare  nuclei  h«re 
ind  there. 

W,  A  bloo<l  \e«>iel,  upon  which  a  fine  branch  of  the  accessory  fibre,  of,  is  distributed. 
Macnifled  timea 

Silver  impre^fnation  of  sections  from  material  fixed  in  formaldehyde ;  sometimes  treated  with  goW  afterwaidi 

(Boeke,  1911,  Fig.  53.) 

The  neck  reflexes  were  alsf)  found  to  follow  definite  Inwp.  fur  which  the  original  i)aj>er  of 
Magnus  and  De  Kleijn  must  In?  consulte*!.  By  combination  of  the  two  factors,  all  the  complex 
phenomena  of  the  decerebrate  reflex  tonus  could  be  explained. 

The  fact  that  the  labyrinthine  reflexes  are  only  to  l)e  obtained  by  changes  of 
position  in  relation  to  gravity,  and  the  fact  that  thoy  are  permanent  a.s  Kmg  as 
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the  new  podtion  lasts,  Indicate  that  they  proceed  from  statolith  organs,  rather  than 
from  the  aemiciroular  canals  themselves. 

The  change  of  tonus,  as  just  remarked,  is  a  permanent  one^  as  long  as  the  new 

position  of  the  head  is  maintained. 

In  the  experiroenU  of  Magnus  and  Wolf  (1913),  the  preparation  was  so  made  that  the 
changes  in  length  of  the  isolated  triceps  or  vasto-cntreus  oottld.  be  traced  on  smoked  paper. 
The  above  results  were  conhrmed,  ancl  it  was  shown  very  clearly  how.  Id  this  tonic  state,  a 

muscle  c  an  hitve  different  lengths  under  the  same  load. 

R 'latum  to  Si/mpathefie  Nerves. — Certain  facts  have  }>eeu  brought  forward 
icceutly  whicli  appear  to  indicate  that  the  tonic  state  of  •^kfletal  nuisck'  may  luive 
something  to  do  with  sympathetic  umervation  of  tkm  kind  of  iuu&^le.  But 
caution  must  be  exercised  until  farther  work.  Perroncito  ( 1 902)  and  Boeke  (1911)  " 
described  accessory  nerve  endings  in  various  voluntary  muscles,  whic  h  appear  io  be 
of  sj-mpathetic  origin  (see  Fig.  175).  In  preparations  A  and  C  of  Fig.  175,  it  will 
be  seen  that  there  is  continuity  of  tlie  fibre  going  to  tiie  accessory  ending  witli  the 
plexus  around  the  small  blood  vessels.  In  a  later  paper  (1913),  Boeke  shows  that 
the  accessory  endings  do  not  degenerate  on  sec^on  oi  the  motor  nerves  to  the  eye 
muscles,  whereas  the  motor  endings  do  (see  Fig.  175,  B).  De  Boer  (1913,  1)  finds' 
that  the  normal  tonus  of  the  hind  limbs  of  the  Irog  and  of  the  eat  disappears  when 
the  rami  commnnicantes  of  the  sympathetic  ganglia  arc  cut. 

If  this  \ye  so,  it  seems  that  stimulation  of  the  sympathetic  should  produce  tonic  contraction 
of  the  muscles.    In  some  experiments  in  which  I  stimulated  the  sympathetic  of  the  frug  for 
another  purpa<«o,  I  did  not  ooserve  any  effect  of  this  kind,  but  sxperinieotB  Bbonld  be  made, 
"  both  on  the  frog  and  on  the  cat,  for  the  special  purpose. 

In  a  further  paper,  De  Boer  (1914,  2)  finds  that  rigor  mortis  is  more  marked 
on  the  normal  side  than  on  that  in  which  the  sympathetic  rami  have  been  cut. 
This  result  suggests  that  the  tonic  state  is  associated  with  difficulty  of  removal  of 
the  products  ^metabolism.  The  same  inyestigator  (1913,  2,  and  1914,  1)  brings 
the  prolonged  contraction,  caused  by  a  single  induction  shock  to  a  veratrinised 
muscle,  into  connection  with  the  nonnal  tonic  state.  The  electrical  state 
corresponding  to  this  veratrine  e^mtraetion  is  that  of  a  prolonged  steady  negativity 
of  tlie  longitudinal  surface  to  the  teuduu,  as  if  a  continuation  of  the  nonnal  l)rii'f 
state  of  negativity.  De  Boer  thinks  that  the  prolonged  contraction  is  due  to  the 
"sarcoplasm,"  as  suggested  by  Bottazsi,  and  similar  U>  that  smooth  muscle.  A 
difficulty  in  this  interpretation  of  the  veratrine  curve  is  that  a  stimulus  to  the 
^inal  cord,  after  section  of  the  sympathetic  rami,  produces  a  pro!oiig(  d  f-  mtrac- 
tion  in  a  veratrinise<l  frog.  De  Boer  suggest*;  that  the  aecessory  endings  of 
Boeke  might  be  dii^Hitly  stimulated  by  the  initial  ordinary  twitch. 

Aocordine  to  this  view,  normal  tonus  is  also  aat>ociatc-d  with  a  .slow  consumption  of  protein 
material  in  the  sarcoplasm  under  the  influence  of  the  sympathetic  system.  It  is  true  tnat  the 
appenrance  of  creatinine  atul  uric  acid  in  the  urine,  referred  to  above  (pege  289),  would  be 

thus  accounted  for,  but  further  evidenco  is  requirod. 

It  has  recently  been  shown  by  Kure,  Hiramatsu,  and  Naito  (1914)  that  the 
diaphragm  is  kept  in  a  state  of  tonus  by  impulses  from  the  sympatlietic  system, 
conveyed  by  the  splanchnic  nerves.  Wnen  these  nerves  are  cut,  the  diaphragm  is 
drawn  up  into  the  chest  by  the  negative  pressure  in  the  plenral  cavity. 

Certain  effects  of  adrenaline  on  skeletal  muscle,  wliich  have  ht-en  desrrihetl, 
are  of  intei'est  in  the  present  eonnectinn.  As  we  shall  see  in  Chapti  r  XX T I.,  this 
product  of  the  activity  ot"  the  .suprai-enal  glands  has  the  special  property  of  exciting 
the  nerve  endings  ot  the  sympathetic  system  and  producing  the  effect  due  to 
stimulation  of  sympathetic  nerves  theraselvtJH.  Has  it  then  any  efi'ect  on  skeletal 
muscle?  Oliver  and  Sohiifer  (1895,  p.  263)  foiind  tliat  the  twntch  of  the  voluntaiy 
muscles  in  the  frog  and  in  the  dog  was  consid(M  al»ly  jiroloncred  after  an  injection 
of  suprarenal  extract,  an  effect  similar  to  that  of  veratrine.  But  if  the 
sympathetic  endings  of  Boeke  were  stimulated  by  the  drug,  one  would  expect  that 
a  shortening  of  the  muscle  would  take  place  vithout  the  application  o£  a  stimulus 
to  the  nerve.  Cannon  and  Nice  (1913)  have  described  experiments  in  which 
injoetion  of  ndrennline  enabled  a  muscle  iy\  in  an  animal  to  continue  con- 

ti-actinu  lf>nger,  without  fatigue,  than  in  the  absence  of  the  drug.    This  eU'ect  is 
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regarded,  no  doubt  correctly,  as  being  for  the  most  part  dne  to  increased  Uood 
supply  from  the  rise  of  arterial  pressure  caused  by  the  adrenaline.  At  the  same 
time,  the  investigators  are  inclined  to  think  that  there  is  also  a  direct  effect,  since 
that  on  the  muscle  lasts  lon<_:er  than  the  rise  of  blood  pressure.  But  might  it  not 
be  the  result  of  the  previuuii  increase  of  blood  supply?  More  convincing  is  the 
experiment  in  which  the  blood  pressure  in  the  limb  under  experiment  was 
prevented  from  rising  by  compression  of  the  artery.  The  effect  was  still  present 
According  to  PaneUa  (ld07)  lund  Grober  (1914),  adrenaline  is  an  antagonist  to 
curare,  hence  it  must  act  on  some  receptive  «uhst?mce  in  the  muscle. 

Kuno  (1915)  failed  to  obtain  any  e^adence  that  adrenaline  has  an  action  on 
the  voluntary  muscle  of  the  frog.  But  this  result  does  not  definitely  e:tcluUe 
sympathetic  innervation,  since  adrenaline  does  not  excite  the  sweat  glands, 
although  they  are  supplied  by  the  sjrmpathetic.  Gannon  and  CSatteU  (1916,  p.  75\ 
moreover,  saw  galvanometric  deflections  from  voluntary  muscle  when  acted  upon 
by  rather  Inrc^'e  df»ses  of  adrenaline,  of  the  sitrn  indicating  excitation. 

From  the  iiiorphologicai  aspect  there  appears  to  be  some  difficulty  with  respwt 
to  the  sympathetic  innervation  of  voluntary  muscle.  In  certain  cases,  aa  we  have 
seen,  the  two  kinds  ol  function  are  performed  by  two  separate  kinds  of  musde 
fibres,  as  in  the  auricle  of  the  tortoise,  or  by  separate  muscles,  as  in  the  moUttie. 
But  in  other  cases,  as  in  the  vertebrate  bladder  or  in  that  of  voluntary  muscle?, 
the  same  tibres  undertake  both  functions,  so  far  as  can  be  made  out.  Whether 
the  one  is  performed  by  the  sarcoplasm,  as  held  by  Bottazzi  (1897),  and  the  other 
by  the  fibrils,  remains  undecided.  It  is  not  easy  to  understand  bow  two  fibres  of 
difflbrent  function  and  different  innervation  could  coalesce  with  retention  by  tlia 
combined  cell  of  both  kinds  of  innervation,  although  tiie  case  of  the  salivary 
glands  suggests  the  possibility. 

Posture. — It  is  rightly  insisted  on  by  Sherrington  (1015,  p.  221'^  that  the 
name  "  tonus  "  for  the  pheuomeua  dealt  with  in  the  present  chapter  is  an  inappro- 
priate one.  The  existence  of  tension  is  implied  in  it|  whereas^  as  we  have  seen, 
the  varying  lengths  which  a  muscle  can  1  >-  made  to  assume,  in  particular  condi- 
tions, are  quite  independent  of  tension.  The  conception  of  posture,  as  illustrated 
by  the  muscles  in  the  decerebrate  animal,  may,  with  ^,'reat  advantage,  be  trans- 
ferred to  the  smootii  muscle  of  hollow  viscera  and  blood  vciisels.  Just  as  it  is 
possible  to  hold  in  the  hand  eitlwr  a  large  or  a  small  ball,  exerting  upon  each  the 
same  slight  pressure,  so  the  bladder  is  aUe  to  hold  a  large  or  small  quantity  of  fluid 
with  the  same  internal  pressure,  or  even  "  a  large  volume  with  a  lighter  pressure 
than  it  may  exert  at  another  time  on  a  sfirillpr  volume."  We  speak  of  the  hand 
ns  adopting  a  jM)8ture  suited  to  the  volume  ttf  t lie  object  it  gra^sps  "  and,  corre- 
spondingly,   The  bladder  assumes  postures  suited  to  the  volume  of  its  contents." 

Con^nieliires.  —  From  experience  derived  from  the  treatment  of  injuries  to 
nerves  and  of  fractures  of  bones,  it  appears  that  the  fixing  of  a  muscle  in  such  a 
position  that  it  is  stretched  is  liable  to  lead  to  a  state  of  shortening.  It  is  prob* 
able  that  this  is  partiallv  duf  to  reflexes  from  proprioceptors,  although  growth 
of  fibrous  tissue  may  occur.  The  beneficial  results  ascribed  by  Leriche  and  Heitz 
(1917)  to  vaso-dilatation  when  they  divide  the  peri-arterial  sympathetic  nerves, 
or  resect  a  piece  of  artery,  in  cases  of  spasmodic  contraction,  may  be  connected 
with  the  abolition  of  reflexes  to  the  sympathetic  endings  in  voluntary  musde. 

Action  of  Drugs. — That  a  state  of  muscle  similar  to  that  of  postural  activity 
can  be  induced  by  certain  drugs  has  been  referred  to  incidentally  in  connection 
with  veratrine.  The  phenomena  associated  with  the  action  of  this  dri^  sugg^t 
the  participation  of  two  distinct  mechanisms  in  volunta^  muscle.  &ere  an 
other  drugs  that  produce  what  is  called  tonic  contraction  in  both  voluntaryaiid 
smooth  muscle,  as  strophanthin  on  the  heart,  or  barium  on  voluntary  muscle.  Thui^ 
the  merhjinism  can  be  called  into  play  otherwise  than  through  the  a<'tion  of  nerves 

Th'  ory. — The  author  is  of  opinion  that  the  \  iew  most  in  accordance  with  all 
facts  is  that,  as  already  indicated,  the  tonic  state  is  due  to  permanence  of  the 
process  which  has  given  rise  to  the  ordinary  form  of  contractioii.  Thus  it  is  a 
function  of  the  fibriUte  in.  voluntary  muscle,  and  may  possibly  be  brought  about  by 
sympathetic  innervation.   But  it  is  clear  that  further  investigation  is  needed. 
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AUTOMATIC  ACTIVITY  OF  NERVE  CENTRES 

Certam  nerve  centren,  nuch  as  the  respiratory  and  vasomutor  centres,  are  in 
constant  acti-ntj.  The  question  arises  as  to  whether  the  state  of  excitation  in 
such  coses  is  actuaUj  automatic,  or  whether  it  is  kept  up  by  afferent  impulses 
from  the  poriphf  iy.  There  can  be  no  doubt  that  such  impulses  are  able  to  modify 
the  state  of  the  centres,  and  also  that  chemical  substances,  such  as  liydrogcn  ions, 
in  the  blood,  are  able  to  set  up  a  btate  of  excitation  in  nerve  centres.  The 
heat  regulating  centre  is  itself  sensitive  to  heat  and  cold.  Thus,  afferent  nerve 
impulses  are  not  alwajrs  neoessaiy.  It  is  not  easy  to  decide  whether  there  is  an 
automatic  state  of  excitation  apart  from  stimulating  substances  in  the  blood, 
although  it  seem^  possible.  There  arc,  obviously,  many  centres  which  must 
not  be  active,  except  for  special  purposes ;  sucli  are  those  of  the  voluntary 
muscles.  Even  here,  however,  the  question  arises  as  to  whether  tlie  inat  tivitv  of 
centres  not  in  use  may  be  due  to  inhibition  (see  the  experiments  oi  i  aviov  on 
conditioned  reflexes,  pp.  503-{»06). 

SUMMABY 

Involuntary,  smooth  muscle,  in  its  various  situations,  is  capable  of  remaining 
in  a  >>tate  of  moderate  contraction,  or  tonus,  independent  of  any  intlueuce  from 
nervous  centres. 

Certain  muscular  systems  in  invertebrates,  such  as  that  which  closes  the 
shell  in  bivalve  molluscs,  and  many  others,  are  able  to  maintain  a  shortened  state 
against  a  heavy  lo.id  for  a  long  time  without  any  evidence  of  fatigue. 

This  state  of  '^fixation"  may  occur  at  any  length  of  the  muscle  fibi'es,  and 
v>ith  aa^  tension. 

A  similar  condition  is  met  with  in  the  urinary  bladder  of  mammals,  and 
probably  in  the  muscular  coat  of  the  arterioles,  as  wdl  as  in  other  situations. 
It  may  be  compared  to  the  putting  into  action  of  a  ** catch"  or  ratchet 

mechanism. 

To  put  tlie  "catch  '  into  action,  or  to  rem<ive  it,  requires  the  intervention  of 
nerve  impulses  from  centres ;  these  impuisie.s  would  be  excitatory  in  the  first  case, 
inhibitory  in  the  second.   They  are  conveyed  by  distinct  nerve  tracts. 

The  actual  mechanism  may  possibly  consist  in  the  prevention  of  the  spontaneous 
disappearance  of  the  products  (lactic  acid)  caused  by  stimulation  of  the  muscle 
system,  bv  which  its  put-ential  energy  is  converted  int<»  that  of  tension. 

The  "jJabtic  tonus"  of  skeletal  muscle,  described  l)y  Sherrington  in  the 
decerebrate  animal,  appears  to  be  of  similar  nature,  although  the  mechanism  is 
in  the  nerve  centres  in  this  case,  instead  of  being  peripheral. 

In  this  state  the  vasto-crureus,  for  example,  may  be  maintained  at  tlifferent 
lengths  witli  the  same  load,  .r  at  the  same  length  with  different  loads.  Thus  the 
fibres  may  liave  a  different  tension  witb  the  same  length. 

The  plienomeuon  is  a  i-eUex  from  proprioceptors  in  the  muscle^  itself. 

D^^rebrato  tonus  behaves  towards  inhibitory  stimuli  in  a  manner  different 
{rem  that  shown  by  ordinary  reflexes. 

There  is  some  evidence  to  show  that  this  decerebrate  rigidity  is  not  accompanied 
with  increase  of  metaboli'^m,  or  with  comparatively  little. 

It  is  aflfected  reHexly  from  muscle  receptors  of  the  neck  and  from  the  labyrinth. 

Certain  facts  described  in  the  text  indicate  ft  relationship  of  tonus  in  skeletal 
tnoseles  to  a  sympathetic  innervation  of  these  muscles. 

The  phenomena  as  a  whole  are  best  described  as  adjustments  of  posture,  since 
<he  name  tonus  snjrgests  tensile  strain. 

The  question  as  to  the  automatic  activity  of  nerve  centres  is  discussed  brieily 
m  tiie  text. 

UTERATURS 
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CHAPTER  XIX 
THE  ACTION  OF  LIGHT 

SlxcE  the  wluili-  e\i>t*'Mce  ot  living  organisms  on  the  earth  fle|x,'n(ls  on  the  iweipt 
of  radiant  energy  fi-om  the  sun,  it  is  unnecessary  to  point  out  the  imjxjrtAnoe  «f 
the  study  of  the  way  in  which  this  energy  is  made  use  of.  If  it  were  merely 
Gonverteii  into  that  form  of  energy  in  material  l^odies  which  we  know  as  heat,  it 
womM  In-  a  very  wasteful  process,  as  our  study  of  energetics  has  tauulit  ns.  Much 
of  liie  free  enenry  wduld  be  thereby  lost  in  the  proce^*;  of  conversion  to  ntb^r 
forms.  A  consicieiable  part  of  the  sun's  eiiergj'  is,  of  course,  used  up  in  warimng 
objects  on  the  earth,  but  the  study  of  the  cbemtcal  reactions  brought  about  by  the 
action  of  light  b  of  greater  importance,  although  of  some  difficulty. 

The  ain<nmt  of  energy*  actually  received  from  the  sun  may  be  somewhat  realised  by  tb9 
following  data:  Suppose  that  the  atraosphtie  won  absent  and  the  sun  in  the  zenith,  then 
each  square  centimetre  receivea  per  minutt*  1  •U.'>.j  ntnull  calories,  expresaod  in  heat  units.  The 
presence  of  the  atmosphere,  which  absorbs  a  part  of  thf  radiations,  reduces  the  value  to  l-i 
small  calories,  at  the  latitude  of  Cambridjie.  In  other  words,  the  energy  received  by  1  iq.  m. 
(10,00it  94.  cm.)  in  one  minute  would  suffice  to  raise  the  temperature  of  a  kilogram  of  water 
by  la*. 

The  reader  wUl  not  need  to  be  reminded  that  the  most  important  of  ail 

photo<;heniica1  reactions  is  that  by  means  of  whidi  the  chlorophyll  system  of  the 

green  jilaiit  stores  tij>  light  energy  and,  in  tlio  pn»crs^,  rt-storos  to  tlie  atinosj'lifTt' 
the  oxygen  wbicli  lias  Ix'en  used  up  in  oxidation  by  liMiig  beings.    Tliu  stort-s 
energy  iu  coal  and  petroleum  also  owe  their  ozigiu  to  chlorophyll  in  past  ages, 
indirectly  in  the  latter  case,  if  we  accept  its  animal  origin. 

In  order  that  we  may  be  in  pomenion  of  the  meant  of  tindentaading,  as  far  as  is  poesiMe 

at  prwent,  the  mechanism  of  tne  procef^  f  ■♦•mcd,  we  must  first  pntcr  Komcwhat  fnlljinto 
the  general  theory  of  photo-chemical  reactions.  In  atldition  to  the  chluropliyll  system,  there 
are  other  actions  of  light  whicli  are  of  physiological  importance.  Such  are  iIr-  ri'tinal  proosw 
and  th.- ju  ti<.n  i>f  viltia-violet  light.  In  practical  use,  t lie  various  photogra|i!ii  nieiliofi?  may 
be  mentioned,  as  well  as  those  of  wireletts  telegraphy,  which  makes  use  01  waves  hke  those 
of  light,  but  of  very  much  longer  wave  length. 

ABSORPTION  OF  LIGHT 

All  substances  absorb  radiant  energy  to  some  extent ;  glass  itself  absorbs  rap 
of  longer  wave  length  than  those  we  know  as  light,  and  also  those  of 
shorter  wave  length.  The  colourless  subst^mce,  anthracene,  absorbs  tiltra-nolefr 
rays,  as  is  shown  in  the  jihotoi;raph  of  Fig.  17f).  and  many  other  instances  might 
be  given.  In  other  woixls,  a  part  of  the  energy  of  a  l>eani  of  light  which  traverse* 
any  substance  is  renio>'ed  and  iield  back  in  the  substance.  Something  most, 
therefore,  hap}^>en  to  the  substance;  it  may  be  merely  warmed,  or  other  forms  of 
energy  may  make  their  appearance  in  it,  chemical  or  electrical  change,  and  so  on. 

Grotthn/t<  Lair.— Ji  s<H*in^  fairly  obvious  to  us  at  the  present  tim<'  that  n'> 
etleet  can  bo  pro<hice<l  by  light  unless  it  is  absorbed.  We  shall  see  presently  al-^* 
that  some  light  energy  must  be  used  up  to  start  any  photo-chemical  change,  even 
when  the  reaction  afterwards  proceeds  with  evolution  of  energy.  The  law  diat 
light  must  Ix!  absorbed  in  order  to  pnxluee  an  effect  was  first  clearly  enunciated 
by  Grotthus  (1819,  p.  101)  and,  independently,  at  a  later  date,  by  Draper  (1^41). 
It  is  frequently  known  as  Draper's  law. 

Orotthoa  found,  for  example,  that  ferric  thiooyanate,  which  is  red,  ia  deoolorised  I7 
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Fio.  176.    Ultra-Violet  Absorption  by  Anthracese. 

A,  S^rien  of  photojjrnphs  o(  viltra-violft  al>*orption  (qxH-tra  of  anthracene.    Ikrlow  each  one  there  li  •  normal 

Xctnim.    The  relative  inten«>ilie«  of  the  two  i5|>eotra  are  variwi  in  knowii  ratio  by  means  of  rotating  adjust* 
p  sectors.    At  a  certain  wave  length  in  each  pair,  marked  with  a  white  spot,  the  intensities  of  the  light  ar« 
e<{ual. 

Bt  Absorption  <nirve  drawn  from  the  above  photojn^ph. 

Ordinate* — amount  of  abtorption  corre«(K>nding  to  the  frequency  of  ▼ibrmtion  of  Ht^ht  imlicated  by  the 
abscisuB. 

(See  Catalogue  of  Messrs  Adam  Hilger,  1914.) 


green  light,  yellow  gold  chloride  by  blue  light,  blue  starch  iodide  by  yellow  light.  Each  is 
attacked  by  light  of  the  colour  complementary  to  its  own  colour,  that  is,  by  the  light  which 
it  absorbs. 


550 


PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


Tht  Laws  af  Lamberi  and'qf  B^er^r-^  order  to  be  able  to  compare  fbe  amouiit 
iol  light  absorbed  by  one  substance  or  solution  with  that  absorbed  by  another,  it  ts 

iu:-(-c^s;irv  to  take  some  standard  of  measurement.  Bunsen  and  Koscoe  (I855-1859| 
introtlucL^l  the  extinr  fion  roffficrent  for  tliis  purpose.  Their  definition  of  it  will 
l)e  found  on  p.  6  of  tlic  tvpi-iiit  iu  Ostwakl's    Klassiker,"  Xo.  38. 

When  light  of  a  particular  wave  length  is  absorbed  by  any  suLtotauoe,  it  is 
clear  that  the  intensity  of  the  light  issuing  from  it  is  less  than  that  which 
enters  it,  and  that  there  must  be  some  pai*ticular  thickness  of  it  which  reduces 
the  intensity  of  the  light  to  one-tenth  of  tho  value  it  liad  on  entering.  In 
order  tliat  the  nnm^>ers,  characteristic  of  different  substances,  should  rise  or  fall 
in  the  i>auie  dii-ection  as  the  absorbing  power  of  the  substance  or  solution, 
Bunsen  and  Roscoe  defined  the  extinction  coefficient  as  being  the  reciprocal  ot 
the  depth  of  the  solution  required  to  reduce  the  intensity  of  light  of  a  given 
wave  length  to  one-tenth  of  that  which  it  had  on  entering.  It  is  plain  tliat 
the  greater  the  absorbing  power,  tIi*'  hua  the  dr  pth  required;  hence  the 
advantage  of  the  inverse  value,  the  extinction  coethcient  being  directly  pn>- 
poitional  to  the  absorbing  power. 

The  sjnnbol  c  is  generally  used  for  the  extinction  coefficient,  so  tiiat  if  d  is 
•  the  depth  of  solution  required  to  reduce  light  of  a  given  wave  length  to  one-tenth 
of  its  value,  then  the  extinction  coefficient  for  this  wave  length  is 

1 

Now  in  practice  it  is  the  intensity  of  the  issuing  light  that  is  measared, 

and  it  is  iiioro  convenient  to  use  a  constant  thickness  of  solution,  and  to  meatoie 
the  intensity  of  the  light  that  has  passed  through  this,  th  ni  to  vary  the  thickness 
of  the  absorbinG:  layer.  It  is  therefore  necessary  to  know  tho  laws  which  express 
the  ivlation  of  the  one  to  the  other. 

We  have  already  seen  (page  35)  that  the  relaticm  is  a  logarithmic  one,  and  it 
is  known  as  Lamberts  law  when  applied  to  the  case  of  a  pure  substance,  solid 
or  liquid.  Beer  showed  that  the  same  law  applies  to  SOlntionB.  Let  us  call  the 
original  intensity  of  the  light  I,  and  that  after  passing  through  a  layer  I, 

Then,  by  the  definition  of  the  extinction  co^cientt  I' » I  x  After  passing 
through  a  second  layer,  I' » x      ^  --^Ix^  and  after  x  such  layers  I' - 

In  general,  if  light  of  unit  intensity  is  reduced  to  -th  by  a  certain  thickness  of 

ft 

solution,  after  passing  through  x  times  this  thiekness,  its  value  wiU  be  4'  ^ 

If 

order  to  get  rid  o£  the  exponent  we  take  logarithms,  thus > 

log  !'«• -» log  n.       •         •         •        •  (1) 

When  a;»<f,  I'a  therefore 

log        »i  -cf  logn-  - 1  or    log  n- 1. 

( is      and  is  therefore  —  loun, 

a 

From  equation  (1),  log  n=  -  ^^^^> 

Hence,  c  =  -  l^^X  and,  knowing  the  ratio  of  the  light  transmitted  to  that  entering 

a  solution  of  depth  .>•,  we  can  calculate  the  extinction  coefficient. 

For  convenience,  x  is  taken  of  one  centimetre  depth,  so  that  c»  —  log  I',  thst 

is,  (he  ii^fjatlre  hxjarifhm  of  the  unahmrhed  li>/hf. 

For  example,  suppose  tho  intensity  of  light  of  the  wave  length  of  the  D  line  is  reduced  u> 
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two-thirds  of  ita  intensity  by  passing  through  a  stratum  of  a  particular  solution  of  one  centi- 
metre thiokneMi  Th0B» 

-log  f =log  3-log  2»0'176091. 

By  Beer's  law,  the  absorption  of  light  by  solutions  is  directly  proportional  to 
the  concentration;  so  that,  if  we  know  the  extinction  coefficient  lor  a  known 
oonoentTfttion,  we  can  estunate  an  unknown  ooneentration  hj  measuring  ite 
extinction  coefficient.  Henoe  the  pracUcal  value  of  the  form  given  to  the 
extinction  coefficient.  Thus 

e  and  c'  being  the  respective  concentrations^  and 

<  and  4  the  respective  extinction  ooefficienta, 

or  c  c 

c 

Such  measuxements  have  played  a  large  part  iarthe  investigation  of  hlood 

pigments, 

Jiesonance. — Li'^ht  consists  of  a  series  of  periodic  electro-magnetic  disturbances 
of  various  periods  of  vibration,  or  wave  length.  We  have  seen  (page  88)  that 
when  a  system,  such  as  a  pendidiun,  has  the  same  period  of  vibration  as  that  of  a 
aenea  of  minute  impulses  delivered  to  it,  the  system  is  set  into  vigorous  movement 
by  the  heaping  up  of  the  effect  of  a  number  ci  small  imputes.  It  is,  in  fact^  a 
means  of  accumulating  onergr.  C'  Tr  iflor  now  the  ellect  of  a  set  of  various  wave 
lengths,  such  as  iind  in  the  sun's  light,  on  a  chenncal  molecule,  which  has  itself 
a  definite  rate  of  vibration,  fciome  of  the  rates  of  vibi-ation  of  the  different  light 
-waves  will  almost  certainly  coincide  with  that  of  the  molecules  of  the  ahsorbing 
substance  and  will  therefore  set  these  into  resonant  vibration,  whidi  n»y  reach  an 
amplitude  great  enough  to  bring  about  chemical  change.  At  the  same  time,  those 
rays  of  the  vibration  |MT!od  in  question  will  bo  absorbed  nnd,  if  situated  in  the 
visible  part  of  the  spettruiu,  there  will  be  an  iibaorplicm  band  seen  by  the  eye.  If 
in  the  ultra-violet,  as  in  the  case  of  many  colourless  organic  compounds,  the  band, 
although  invisible,  may  be  photographeci. 

Spedrofhotometry. — Obsei-yations  by  the  Bpectrosoope  give  us  information  of 
the  position  of  absoq>ti(ju  bands,  but  we  often  require  measurements  of  tlie  degree 
of  absorption  by  different  substances  in  various  regions  of  the  s|>eotruni  This  is 
done  by  the  method  of  spectrophotometry,  based  on  the  laws  of  l^mbert  and  Beer. 

In  practice  it  consists  in  the  comparison  of  the  intensity  of  the  light  of  a 
particular  wave  length,  which  has  passed  through  a  known  thickness  of  the  solution 
investigated,  with  light  of  the  same  wave  length  which  can  be  diminished  in 
intensity  in  a  known  degree. 

The  practical  methods  of  doing  this  and  of  calculating  thu  oxtinctton  coefficients  will  be 
found  in  Gamgeo'a  article  (1898,  pp.  213-225).  The  price  lii^Ut  issued  by  Meears  Adam  Hilger 
are  instructive,  especially  with  regard  to  the  beautifni  instmmentB  made  them  for  the 
registration,  photographic  or  othprwisr?,  of  Ftpectrophotometric  measurenient'--  Fif^.  176 
(page  549)  ia  a  copy  01  the  curve  of  thu  ultra-violet  absorption  of  authraoene  as  obtained  bj 
one  of  these  instmments.  The  paper  by  Eckert  and  Pummerer  (1914)  deals  with  photographic 
registratioD.  Hartridge  (1915)  has  dewribed  so  improved  qpectro-photometer. 

GENERAL  THEORY  OF  PHOTO-CHEMICAL  ACTION 

We  may  take  it  then  that  light  of  some  partbahur  wave  length  is  absorbed,  and 
that  it  sets  into  resonant  vibration  the  molecules  of  the  ubsorbing  substance,  if  any 
of  the  vibration  pf>ri(xls  of  the  light  waves  coincide  witli  thti.se  of  the  latter. 
What  is  the  further  course  of  events  2  We  know  that>  in  many  cases,  chemical 
reaction  follows. 

Let  us  see  first  what  are  the  general  phenomena  with  which  we  have  to  deal. 
Theaiiide  by  Luther  (1908)  may  be  referred  to  for  more  de  tails  of  the  general 
theory  than  rnn  be  given  here,  and  the  monographs  by  Weigert  (1911)  and 
Sheppard  (1914)  for  the  whole  subject. 
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In  the  first  place,  wc  find  that  the  rate  of  the  reaction  does  not  follow  the 
simple  law  of  nuM  action*  This  is  due  to  the  fact  that  it  is  controlled  hy  the 
amount  of  light  energy  absorbed  per  unit  time  and  not  by  the  actual  numljier  of 
rnolccuk's  ptTsent.  An  MivtrMctjxc  case  is  tliat  of  i\w  uxiHrjtion  of  qiiiniuf  1»v 
chromic  acid  in  light,  as  in\ ciitxyuled  by  Liitlier  and  Foi  bcs  ( 1^09).  The  onler  nt 
tliis  reaction  depends  on  the  colour  of  the  light;  violet  light  is  only  shghtlj 
absorbed  and  the  reaction  is  uniindecular,  ultrsrviolet  is  strongly  absorbed  and 
the  order  is  very  mvcb  lower ;  since  this  light  is  iotaUy  abscnrbw,  the  rate  of  the 
reaction  is  independent  of  the  oonoentration  of  the  reacting  snbstanees. 

A  curious  result  of  this  fact  is  that  the  order  of  the  reaction  di  |if  tul=;  r-n  thii  kn.  ^  • 
the  layer  of  solution  through  which  the  light  passes.  In  a  thick  lawyer  the  relative  aaiouiit  ut 
violet  liffht  absorbed  inoreMea,  so  that  the  order  of  the  reaction'  is  higher  than  in  a  thia 
Inycr,  \\-here  the  violet  light  is  scarcely  absorheil  at  nil.  We  have  thm  a  reaotiOQ,  whoM 
oitier  depends  on  the  shape  of  the  vessel  in  which  it  takes  place. 

In  practiro,  it  is  found  that  tlip  majoritv  of  reactions  bronght  alx>ut  by  Ught 
are  of  the  nature  of  oxidalioiis  or  r^dnctwiis,  tliat  is,  reactions  in  which  changes  of 
Valency  take  place,  as  we  shall  see  in  more  detail  in  the  next  chapter.  But  uii 
kinds  of  reactions  are  also  to  be  met  with. 

As  the  phenomena  of  resonance  imply  an  increase  of  free  energy  in  the  system 
ooneemcd,  it  is  not  unexpected  to  fijid  that  when  chemical  change  takes  place  it  is 
in  the  direction  snch  that  the  resonance  is  diminished  or  ceases,  according  to  the 
second  law  of  euergetic«. 

The  mechanism  of  this  resonance  process  is,  acoordiiig  to  Lather  <I908), 
essentiaUy  as  follows,  on  the  basis  of  the  electro-magnetic  theoiy  of  lights  the 
dectronic  (atomic)  nature  of  electricity,  and  the  electrical  nature  of  chemicsl 
combination.  Compounds  consist  of  molecules  or  atoms  smaller  than  these 
and  between  tliese  constituent  elements,  that  is,  between  their  electrons,  there 
is  an  electric  field.  The  stronger  the  field  the  firmer  the  combination,  or  tiie 
more  inaetive  the  compound,  and  the  shorter  the  period  (tf  vibration  of  the 
(negative)  electron ;  that  is,  the  further  in  the  ultra-violet  tlie  absorption  bands 
lie,  the  more  stable  the  compound.  Conversely,  the  further  the  absoi-ption  band 
lies  towards  the  red  end,  the  more  sensitive  is  the  compound  to  light.  TTitis 
anthracene,  with  its  bands  in  the  ultra-violet,  is  less  sensitive  tiian  chlorophyll, 
with  its  band  in  the  red«  Researches  by  Luther  and  Nikoloponloe  (1913)  on  a 
series  of  organic  compounds  confirm  this  \^ew. 

Further,  when  the  periodic  alternating  electric  field  of  light  acts  on  the 
electrons,  resonance  comes  into  play,  their  energj'  content  rises,  and  \vouM  do  <:o 
indefinitely  if  it  were  not  changed  into  heat  by  some  kind  of  "  damping '  (j)Ossibiy 
due  to  impacts).  In  the  work  of  Luther  and  Nikolopoulos,  referred  to  ahore^ 
it  was  found  that  the  steeper  and  higher  the  absorption  ourve^  the  more 
SOasitive  to  light.  Sudi  a  curve,  in  fart,  means  a  small  degree  of  damping,  snd 
great  amplitude  of  -^nhration  of  the  electn»ns  set  in  niDtiun  bv  light. 

The  extent  of  the  loss  bydamj>ing  determines  ihv  cj/icii  ncy  of  thr  |«hoto-chemical 
process,  which  may  be  very  high,  as  we  shall  see  wlien  dLicui»i,ing  the  chlorophvll 
system.  The  following  illustration  given  by  Luther  (1908)  may  perhaps  nuike 
clear  the  }>ossibility  of  a  high  efficiency.  The  substance  sensitivo  to  light  ii 
compared  to  a  reservoir  into  which  air  is  pumped,  the  compressed  air  representing 
the  radiant  energy  of  light.  Tl)*'  ]>ressure  of  the  air  (i.e.,  the  ener^^  of  I'esouaiiee) 
inside  the  reservoir  would  ribc  nidefinitely  except  that  a  hole,  D,  is  provided, 
through  which  air  can  escape,  this  loss  representing  the  change  to  heat  by  damping. 
Suppose,  however,  that  there  is  another  hole,  C,  of  adjustable  aperture,  tfanmgb 
which  air  can  escape.  Tins  represents  the  change  of  part  of  tiie  energy  of 
resonance  to  chemical  work.  The  pressur*'  ^v^ll  tlien  deei-ease  according  t<i  the 
area  of  C,  and  with  it,  the  amount  of  eseajie  through  T)  (  =  degradation  to  limtV 
If  C  is  made  very  wide,  all  the  air  pumped  in  escapes  through  it,  and  noue 
through  D. 

Resonance  energy  thus  tends  to  decrease,  either  hy  change  of  rate  of 
vibration  of  the  resrinator,  or  by  increase  of  damjiing.  Hence,  in  light  of  a  given 
frequency  of  vibration,  systems  insensitive  to  it  arii»e  from  those  sensitive  to  it 
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Althongli  light  ener^  cannot  act  unless  absorbed,  it  does  not  follow  that, 
when  absor>)ed,  chamxcal  change  ahvavs  I'esults ;  for  example,  acetic  fiiihydride  has 
aii  absjorptiuu  baud  V»etweeu  wave  lengths  320  and  240  /x/x,  wliieh  is  assueiated 
with  decomposition.  But  it  also  absorbs  the  extreme  ulti'a-violet,  apparently  by 
means  of  its  OH,  group,  and  resonance  of  this  group  does  not  lead  to  change. 

A  fact  common  to  all  photo-ohemioal  reaiOtions  may  he  mentioned  here,  namely,  that  the 
action  of  lij;ht  is  similar  to  that  of  a  high  temperature.  The  dissociation  of  rarl>on  ainxide  and 
of  hj'druchloric  acid,  the  conversion  of  oxygen  to  ozone,  and  the  polymerisation  of  anthracene 
may  be  referred  to.  For  certain  theoretical  conoliuionB,  drawn  by  Warbarg  from  this  fact, 
Weigert's  monograph  (1911,  p.  94)  mnv  he  consulted. 

A  theory  has  fa«en  developed  by  Ikxlensteia  according  to  which  the  first  effect  of 

light  is  to  OMompote  a  group  into  twotroQ  and  electro  positive  remainder.  Badi  of  thete  givet 
riae  eaboeqnently  to  obemical  obaagm  of  a  partioiilar  luod. 

PHOTO  CHEMICAL  REACTIONS  THEMSELVES 

• 

Wbon  we  procee<l  to  evamine  the  various  reactions  which  occur  under  the 
iuduence  '  t  Hi^ht,  we  meet  witli  great  variety  and  complexity.  It  is  well,  thei^e- 
tore,  to  clear  the  way  somewljat  by  reference  tu  a  not  infrequent  mucmtcejdion  of 
the  naturo  of  the  action  of  light,  in  which  it  is  spoken  of  as  being  eaialytic.  The 
initial  phase  of  all  photo-chemical  reactions  is  accompanied  by  the  actual  consump- 
tion of  light  energy  to  .set  in  motion  a  reaction,  although  it  may  afterwards  proceed 
w  ith  the  evolution  of  energy.  We  have  seen  in  Cliapter  X,  that  a  catalyst  adds  no 
energy  to  a  reacting  system,  but  merely  accelerates  the  rate  at  which  such  a 
reaction  arrives  at  equilibrium.  Further,  in  many  reactions,  such  as  the  decom- 
position  of  carbon  dioxide  by  the  green  lea^  the  reaction  is  actuaUy  caused  to 
proceed  in  the  dilfection  opposite  to  that  in  which  it  goes  naturally  at  the  tempera- 
ture of  the  reaction.  But,  in  many  cases,  a  catalyst  is  formed  by  the  action  of 
light,  and  this  cataly.st  then  prweed.s.  independently  of  the  light  reaction  pro)>er, 
to  perform  its  usual  function  o£  accelerating  the  natural  course  of  the  reaction. 
In  this  case,  contrary  to  that  of  the  chlorophyll  system,  the  net  result  of  the 
dwnge  is  a  ^mrnution  in  the  free  energy  of  the  system. 

It  will,  perhaps,  assist  the  understanding  of  the  question  if  we  use  an  illustration  due  to 
Ostwald  (1902,  ir.  I,  p.  1087).  The  necessity  of  the  supply  of  energy  by  light  is  obvious  enough 
in  that  clii.Hs  of  reactions  in  which  the  result  is  an  increase  iu  the  energy  content,  but  is  not  so 
clear  when  the  final  result  is  a  decrease.  Quantitative  measurements  show,  however,  that* 
even  in  the  latter  case,  there  is  more  liberation  of  energy  tlmn  if  tlio  reaction  had  rntTf  ly  pro- 
ceeded without  light,  the  extra  energy  betag  that  oblainttl  from  liuht  in  the  initml  process. 
Ostwald  oompares  the  system  to  that  of  a  wedge-shaped  block  stanaing  with  its  narrow  edge 
upwards.  In  this  position,  thut  of  "  nu  fij-<*(nhh  equilibrium,'*  the  system  would  remain 
indelluitely  it  undisturbed,  although  by  falling  ua  its  side  energy  would  l^e  given  out.  To 
cause  this  to  take  plaoe,  there  is  moesnty  for  a  certain  expenditure  of  energy  apon  the  block 
in  order  to  tip  it  over  ;  in  this  process,  its  centre  of  gravity  is  raised  and  the  energy  required 
to  do  this  is  given  uui  aj^aiu  wnen  the  hl^jck  falls  ovlt.  Another  illustration  that  might  be 
given  is  that  of  a  billiard  ball  lying  in  the  concavity  of  a  oUiek  glass  on  the  top  of  a  tripod. 
Althotigh  energy  would  be  given  out  by  the  fall  of  the  ball,  supposing  that  the  glass  were  to 
melt  away,  no  change  takes  place  naturally  unless  the  hall  is  first  raised  over  the  edge  of  the 
glass  by  the  application  of  a  small  amount  of  energy.  This  energy  is  given  out  again,  together 
with  that  due  to  its  original  height,  when  the  ball  falls  to  the  table.  We  may  speak  of 
reactioiui  of  such  a  kind  as  being  prevented  from  taking  place  spontaneously  by  the  existence 
of  ehemioal  **|esistaiioe,'*  which  n  removed  by  the  energy  imparted  by  light. 

Our  further  considerations  will  be  facilitated  by  taking  the  classifieoiiou  of 
W^jpert  (1911,  p.  75),  together  with  an  illustmtion  of  each  class.  This 
classification  is  Imsed  on  the  net  result  of  tlie  reaction,  whii  Ii  results  from  the 
octiun  of  light,  not  mei-ely  on  the  actual  part  played  by  the  light  energy  used. 

We  liavo  seen  already  that  these  i^eactions  can  be  divided  into  two  main 
groups,  those  resulting  in  mcresae  of  free  energy  and  those  resulting  in  a  decrease. 
Each  of  these  can  be  further  divide<I.  Hie  first  group  may  be  either  simple  or 
complex,  in  both  cases  being  completely  reversible  and  .similar  to  an  electrolytic 
decomposition  in  which  the  electrodes  become  polarised,  so  that  the  reactiou 
ceases  at  a  certain  point. 

1.  Simple  Beactione  with  Inereaee  of  Eiiergy,~~ln.  these  cases,  the  reversion  on 
removal  of  light  takes  place  by  the  same  route  as  the  photonchemical  changa 

i8a 
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The  simplest  ono  is  the  pt»ly«nerisation  of  anthracene  to  di-anthn\oene  by  ultra- 
violet light,  n'i  invf»stiirat<<l  by  Luther  and  Weiq:r*rt  (1905).  Tltr  st.iWe 
condition  in  the  durk  is,  ai  uniinary  temperatures,  that  of  pure  authraoene.  If  we 
start  with  pure  di-anthracene  iii  the  dark  it  changes  spontaneously  to  anthracene, 
at  a  definite  rate.  •  Light  causes  the  formation  of  di-anthnoene.  But,  sinoe  the 
reverse  change  is  unaffected  by  light,  this  change  of  di-anthraoene  to  anthraoeoe 
prorrofls  nt  its  natural  rate,  and  this  rate  incrrascs  by  action  a?;  nmn*  di- 

anthracene  is  fomieil  bv  liijht.  Under  a  fii  int<-iisitv  of  illuniiTin^ion,  tlurefore, 
as  much  anthracene  is  funned  by  the  "dark  '  nuciion  as  di-entiuucene  is  lomied 
by  light  in  the  same  time,  so  that  a  **Btatu»iit  rt/  condUion,**  simulating  a  cheraiotl 
equilibrium,  is  arrived  at.  Contrary  to  the  latter,  which  would  be  a  permanent  one 
if  left  to  itself,  this  statinnaiy  condition  is  only  maintained  l»y  the  continuoiis  inflow 
of  light  enpr;x^^  which  In^come^i  transfonne<l  to  heat.  It  slxiidd  l>e  nMt*>d  that, 
boff^ue  tlie  stationary  condition  is  reached,  f>arl  of.the  light  enerijy  V>ecomes  cheuiica] 
enejgy.  Another  example  is  that  of  the  formation  of  ozone  from  oxygeu  bj 
ultra-violet  light. 

A  striking  fact,  wUch  may  appropriately  be  mentioDed  here,  is  that  th«  temperatmn 
cofffi'  lmt  of  a  light  rcactiun  \»  usually  much  lowt  r  than  that  of  a  chemical  react  ion  proptr. 
This  follows  ft  uii)  ibu  fact  that  th«  rate  of  the  phuto-chemical  change  depends  on  that  of 
abtorptioo  of  liuht,  whicli  varies  only  very  di^iitly  with  temperature.  The  porittoncrf  the 
Btationarj' equilibrium  in  the  case  of  anthracene,  in  relation  to  tempcm  is  cnntmllpd  almot 
entirely  by  the  change  of  chemical  equilibrium  by  temperature.  Tlit;  temperature  coe&cietit 
of  the  dsra  reaction  (ohenioal)  is  2*8,  that  of  the  light  reaotion,  1  *1  or  less. 

2.  Complex  Rtadumt  with  Inereoie  of  Bnenjy.     These  resolt  from  the 

combination  of  Tarioua  purdy chemical  reactions  with  photo-chemical  effect«.  Their 
reversal  is  by  a  different  ronfr  from  that  taken  in  their  production.  The  most 
interesting  and  important  of  tlx  sc  is  that  of  chloropIn  U  and  carbon  dioxide,  which 
will  be  treated  of  in  a  special  section  later.  Tliey  ai-e  the  most  difficult  class  to 
analyse,  since  the  various  component  reactions  proceed  both  simultaneously  aiHi 
successively. 

Thoee  reactions  resulting  in  diminution  of  free  enei^  are  always  complex,  as 
we  have  seen,  and  may  be  divided  into  two  main  classes:  coui«led  and  ratalytit'. 
Thev  are  non-reversible,  in  the  sense  that  they  do  not  change  bock  spoutanetMuly 

in  the  dark. 

3.  Coupled  Seactiona  with  Lou  <^  Bmrgy, — In  these  the  products  of  photo* 
chemical  change  are  immediately  used  up  in  another  reaction.  As  a  genenl 
scheme^  we  may  take  that  of  Weigert  (1911,  p.  36) 

Light 

(1)  A   B.  (2)  B  >  C 

Dark  I>»»k 

B  is  pixniuced  from  A  in  tlie  light,  and  would  «iuickly  return  to  A  if  it  wt  iv  not  at 
once  used  up  in  the  second  reaction  to  fonn  C.    It  is  probable  that  the  uxidatiun 
and  reduction  of  alcohols  by  aromatae  snhstancee,  ohaen^  by  (^aroidan  and  Silber, 
iK'long  to  this  group.    The  important  properties  of  the  chemical  sennlisers  must  be 
includetl  al.'^o.    A  i-late  coateil  with  silver  hrinnidc  alone  and  expost'd  t.>  the  hglit 
belongs  to  our  first  class,  Bo  that  whvn  a  certain  amount  of  free  bromine  has  betn  ' 
produced  by  light,  a  stationary,  balanced  condition  is  reached,  owing  to  the 
recombination  of  silver  and  bromine^  as  in  the  dark.   Such  a  plate  would  he  of 
little  use  in  photography,  being  comparatively  insensitive.     If,  however,  a 
substance  such  as  gelatine  is  present,  which  combines  with  the  bromine  as  it  U  | 
pnKluced,  a  much  gi-eater  decf>mj>osition  of  the  silver-  liromidr  takes  place.    There  | 
is  no  storage  of  energy,  since  the  final  system  cousii5t^  of  hroniinated  gelatine  and  , 
metallic  silver  (or  sub-bromide;.    The  htomiitalion  of  gelatine  is  associated  with  tLe  ' 
giving  off  of  energy,  and  the  product  has  no  affinity  for  silver. 

An  electro-chemical  analogy  to  this  group  is  that  of  an  electrolytic  process  in 
which  the  pro<lucts  are  usi-d  up  in  a  reaction  going  on  in  the  solntion,  so  tbst  ! 
depolarisation  tn-rm-^  and  the  current  continues  tr»  flow.  I 

4.  Catalytic  iieactions  ivith  Loss  of  Energy. — The  second  group  of  photo- 
chemical reactions  in  which  there  is  diminution  of  free  energy  is  that  in  which 
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catalyst^  are  produced  by  the  action  of  light.  In  thfsr  cases  the  action  of  light 
leads  To  liie  b*ii«e  priMhicts  which  a j (pear  in  the  dark  under  the  same  condition^  <>f 
t^rui^mtmt;  and  solvent.  Light  merely  accelemtes*  the  piocesjs  by  causing  the 
fonnatiofi  of  a  catalyst  for  the  reaction,  which  then  obeys  the  usual  laws  of 
cstelysis.  . 

It  is  found  that  the  catalyst  may  be  formed  from  the  reagents,  or  one  of  thcin, 
bv  the  action  of  light,  and  may  tiien  disappear  on  the  removal  of  the  light.  Or,  in 
other  ca4>es,  the  catalyst  may  continue  to  exist  and  exert  iXa  action  for  some  time 
after  the  light  has  been  taken  o£ 

4a.  J?«aclums  totlA  Xom  of  Energy,  in  which  a  ColalyBt  is  Formed  by  Liffhtf  the 
ClUalyst  lasting  only  as  long  as  the  JllumitMtion,  and  vanishing  in  tht  Reaction. — 
One  <if  the  K-.st  known  of  all  catalytic  light  reactions,  namely,  the  combination  of 
hviiiogf'Ti  and  chlorine  under  the  action  of  ultra-violet  light,  belongs  to  this  group. 
A  gj-eat  number  of  investigations  have  been  made  on  this  reaction  since  the  first 
exMt  reeearch  by  Bunsen  and  Boscoe  (1855-1859).  Detaik  of  these  will  be  found 
in  Weigert*8  monograph  (1911,  pp.  44-56).  Under  tiie  usual  conditions  of 
experiment,  the  eflV-ct  is  found  to  have  a  latent  period,  the  so-called  '*  Induction 
P'^riod,"  during  which  no  combination  takes  place.  Sul»s<'(juent  inve««tigation 
allowed  that  this  was  due  to  the  pix-sence  of  impurities,  especially  on  the  walls 
€f  the  Tessel  used.  Th^  impurities  use  up  ^e  catalyst  for  a  time.  What  is  the 
catalyst?  From  what  was  said  abovc^  it  is  dear  that  light  energy  is  used  up 
to  produce  it»  and  it  appears  to  be  chlorine  in  an  "  activuted  form  of  some  kind. 

Tlx-  fact  that  the  drier  the  ga.*es  are,  the  more  slowly  doi"-  tli  •  reaction  proceed,  suggested 
to  Mellor  (1902)  that  there  in  formation  of  an  intennwhato  curopound  (xOL,  i/H.,0,  zH^),  as 
inoertain  other  case*  of  cataljrsit,  sueh  aa  that  of  molybdio  adcToin  hyotogen  peroxide  and 
hydriodie  a  :  1.  as  descrilK'd  above  ffia.Lje  324).  The  investigations  of  Burcess  and  Chapman 
(1M)6)  directed  attention  to  the  cloud  tormation,  due  to  the  production  of  conaeusation  auolei  in 
the  fllniDiiiated  gas^;.  Whether  these  nuclei  are  identiod  with  the  hypothetical  oompoand 
of  Mellor  seenif  doubtful,  aiul  it  is  more  pvobabb  that  tb«y  do  not  otfler  easeoUaUy  from 

other  cloud  nuclei  formed  by  radiatiouH. 

Chk»rine  is  made  "active"  by  light  for  other  rt'actinns  al^o,  such  as  for 
combination  with  carbon  monoxide,  sulphur  dioxitie,  hydnx-arbous,  etc  What- 
ever the  nature  of  the  catalyst  may  be,  it  must  consist  of  chlorine  plus  light 
energy,  and  therefore  act  chemically  as  chlorine  itself.  Accordingly,  it  disappears 
in  the  reaction.  In  such  reactions  it  appears  that  the  primaiy  action  of  light  is 
to  fonn  nuclei,  which  start  a  reaction  in  a  way  analogous  to  rliat  in  which  they 
^ause  contleiisation  of  water  vapour  to  drops  of  liquid.  cigert  calls  tluni 
■  reaction  nuclei,  "  and  ^>oints  out  that  their  mode  of  action  is  like  that  of  other 
heterogeneous  catalysts.  Tbe  reacting  substances  are  condensed  on  their  surfiaoea 
hy  adsorption,  and  the  reaction  proceeds  there  more)  rapidly  as  a  consequence  of 
VmsH  action. 

Compared  with  the  reactions  in  wliirh  lij^'ht  energy  is  5>tored  up,  and  often  in 
considerable  amount,  these  catalytic  reactions  require  little  energy  to  form  the 
catalyst,  and  are^  as  a  rule,  vciy  sensitive. 

llie  phenomena  of  optical  tensitisati&ti  Ix^long  to  the  present  category  of 
reactions.  Light  cannot  act  unless  absorbed,  and  the  question  naturally  ai  i^i  s 
whether  the  addition  of  some  substance,  such  as  a  dve,  to  a  »;vstem  which  is  not 
affected  by  light  of  a  particular  wave  length,  is  able  to  make  it  sensitive  if  the  dye 
abfiorbs  rayt*  of  tliis  wave  length.  In  point  of  fact,  such  is  the  case,  although  at 
fitst  sight  the  reason  is  not  obvious.  The  li^t  is  absorbed  by  the  sensitiser,  and 
must  therefore  produce  changes  in  this,  not  necessarily  in  other,  parts  of  the  system. 
The  key  is  given  by  the  fornmtion  of  catalyvts  from  the  sensitiser.  which  appear  to 
1)6  hetcrn^eneous  in  nature  and.  at  all  ev  ents  in  many  cases.  re<j'.nre  rhn  presence  o£ 
oxygen,  "activating"  it  so  th^t  putas'-inii!  iodide  is  oxidi'-ed  as  l>y  ozone. 

A  aimpk  txperinient  given  by  Wager  (ISili)  show.s  this  fact.  Strips  of  paper  containing 
ttareb  are  soake*!  in  a  solution  of  methyl  violet,  methyl  green,  eosin,  fuchsin,  or  fluorescein. 
*'^]k«mJ  to  light,  and  then  moist^jnetl  with  potasisinni  indide  H(,hition.  Iodine  is  liberated,  and 
stains  the  starch  blue.  It  ia  inteicHting  that  cyanin,  uhiiougli  bleached  by  light,  docs  not  give 
liae  to  aotive  oxygen. 

The  mode  of  action  of  optical  sensitisers  seems  to  be  of  a  somewhat  general 
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nature,  sinee  cprtaiii  rwictions  cati  be  acc«'lerat«Ml  by  practically  any  waVB  leogtiw 
ho  ioiig  as  a  dycsturt  is>  pivstnit  wliirli  can  absorb  tlie>L'  partictilfir  rays. 

The  it^ost  importiint  practical  application  ot  opLiuii  sen.sitisers  is  iii  tiie 
production  of  photographic  plates  seositivB  to  the  vhole  ext^t  of  the  speetnim. 
It  is  to  be  renieinheHred  that  the  adsorption  of  the  dye  by  silver  bromide  d<^ies  nvz 
make  this  itself  morc  sensitive.  It  may  be,  as  Wcigert  .suggests  (1911,  p.  70),  tha: 
the  light  absorbed  by  the  dye  makes  it  a  better  chemical  seositiser  than  it  is  iu  the 
dark,  so  that  it  takes  up  bromine  with  great  avidity. 

4b.  CcUalytxc  Photo-ehemxeal  Reaetiona  in  wkiih  the  CataJyH  rtmaviu  €^ler  ike 
Action  €f  lAffkt. — ^If  the  catalyst  formed  is  not  immediately  used  up  in  the 
reaction,  it  is  clear  that  its  activity  m  ly  continue.  Such  a  case  is  that  of  iodoform 
in  chloroform  ;  the  iwHiie  set  free  by  light  remains  active  after  the  liglit  has  tX'.Hf^  ; 
to  act,  and  continues  so  for  several  da  vs.  Moreover,  if  a  solution  which  has  Kwu 
exposed  to  the  light  be  added  to  an  unexposed  one,  d^ompositiou  of  the  latter  set*  iu. 

The  capacity  of  being  developed  at  any  time  after  exposure,  p<»sefl8ed  by 
photographic  platr  is  another  case.  We  cannot  here  discuss  the  nature  of  the 
latent  image.  The  reduction-j>otential  of  the  developer  is  not  sufficiently  high  to 
aflf'f't  unexpo.sed  silver  bromide  at  any  considemble  mte  :  but,  where  the  light  ha- 
formed  a  catalyst,  metallic  silver  is  produced  in  development.  It  appears  that 
the  acceleration  is  due  to  adsorption  of  developer  an  tiie  siufaoe  of  the 
heterogeneous  catalyst,  by  vhich  the  concentration  of  the  former  is  raised  and, 
with  it,  the  reduction-potential  (see  the  remarks  of  Weigert,  1911,  p.  74). 

It  is  clear  that,  in  these  cases  of  catalytic  action,  if  we  could  add  the  catalyst 
in  any  other  way  than  by  the  action  of  light,  the  result  would  be  the  saioe.  Thi> 
is  not  so  in  the  three  first  cases  of  our  list,  where  the  same  products  of  reaction  as 
those  produced  by  light  cannot  be  obtained  in  the  dark,  at  the  same  temperature, 
by  other  Uieans. 

Electrochemical  analogies  for  the  catalytic  action  of  light  may  lie  found  in  thr 
sajx •niti'':tti'iT>  of  HU  ester  in  a  solution  of  neutnil  salt.  The  eat.Mly.'^t,  in  this  cnse, 
is  the  uikaii  tormed  at  the  cathode,  and  it  dis^tppcars  by  combinaiion  with  the  acid 
formed  from  the  ester.  If  we  take  cane-sugar  instead  of  an  ester»  the  catalyst  is 
the  hydrogen  ion  formed  at  the  cathode  and  it  remains  active  after  oeasation  of  the 
currant,  provided  that  means  are  taken  to  prevent  difiiision. 

RELATION  OF  VELOCITY  OF  REACTION  TO  INTENSITY  OF  LIGHT 

Bunsen  and  Roecoe  (1862)  showed  that  in  order  to  produce  a  definite  degree  d 
darkeniTig  on  silver  chloride  paper,  the  time  required  was  inversely  proportional  te  • 

the  intensity  of  the  light.    That  is : — 

it^  constant  I 

whei-e  i  b  the  intensity  of  the  light,  and  t  the  time  of  action.    This  Ls  known  as 
the  Bwuen'Ro9eo9  Law. 

When  tlie  (  xposure  to  light  is  followed  by  development,  the  law  does  not  hold. 
S(  h warzsehild  ( 1 899)  showed  that,  for  silver  bromide  gelatine  plates,  the  law  most 
be  cxpi-essed  thus 

il^  =i  constant. 

The  value  of  the  exponent  varies  between  0*8  and  1,  according  to  the  brand 
of  plate  used.  It  seems  probable  that  the  exponential  form  d  the  equation  may 
depend  on  the  intervention  of  adsorption  in  this  cas^  where  development  is  made 

use  of. 

Inerfffx.-  T]\vvL'  is  a  certain  iiiinimal  duration  of  exposure  of  a  plat«  to 
light  below  wliich  no  effect  is  prmiueed.  This  is  known  as  the  "inertia'"  of  th* 
plate,  and  appears  to  be  related  to  the  photo-chemical  indnetioo  already 
referred  to. 

FLXTORBSOENOE 
There  remain  to  be  mentioned  some  phenomena  connected  with  the  absorptica 

of  light  which  are  not  ulivi  nisly  photo-chemical  in  nature^  that  ia,  chenucst  ' 
changes  are  not  immediately  obviouSb  , 
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It  is  very  common  to  find  that  substances  which  absorb  Hght  of  a  particular 
wave  length  radiate  it  again,  either  at  an  increased  wave  length,  or  of  the  same 
wave  length  as  that  absorbed.  The  cases  in  which  ultra-violet  light  is  absorbed 
and  given  out  again  as  visible  light  are  the  most  striking.  Budi  are:  solutions 
«'f  (luiriine  salts,  solid  anthracene,  and  so  on.  In  the  cases  mentioned,  part  of  the 
light,  as  we  liave  seen,  is  used  for  chemical  change.  A  M>lufion  of  eosin,  which 
has  an  absoi'ption  band  in  the  biue-greeo,  gives  a  green  tluoresceuce. 

When  we  are  dealing  with  colloidal  solutions  it  is  sometimes  more  difficult 
to  state  whether  the  phenomena  observed  are  properly  to  be  called  fluorescence. 
For  example,  a  colloidal  solution  of  the  acid  ol  Congo-red  gives  an  orange-red 
*' fluorescence."  Th^  liujlit  transmitted  i'?  blue,  and  it  seems  that  the  particles 
really  retlect  orange  red  light,  in  the  f;<iini'  way  as  the  dry  solid  it--elf  does,  like 
other  solids  of  the  same  cuiour.  liie  light  transmitted  would  iiulurally  be  the 
complementary  to  this  colour. 

In  exaraitang  ooUoidal  mlntkmB  by  the  Furaday-TyndaU  beam,  ooofusion  may  •ometimes 

caused  by  fluorescence.  Wht'n  tliis  is  jirescnt,  the  path  of  the  beam  will  In-  illiuniruitfd, 
whether  colloidal  substances  aru  there  ui  uut.  The  distinction  can  usually  bo  made  bv 
interposing  screens  of  various  colours  between  the  light  and  the  solution,  in  cnder  to  absoro 
that  part  of  the  light,  UBually  the  uUra-violet,  causing  the  fluiiresppnre.  The  colloid.il 
plkt  nonieiiiiiu  is,  of  course,  found  with  auy  wave  length  of  light,  pruvideil  it  is  powerful  euougli. 
Aft  interesting  solution  to  examine  is  freeh  urine,  filteroa  to  remove  any  coarse  particles. 
Examined  in  white  light,  the  beam  is  not  extinpiisheil  in  any  position  of  the  Xieul  prism 
■used  to  observe  it.  But  that  this  is  due  to  the  Uuorei»ctnce  of  the  pigment  is  shuwu  by  the 
interposition  "f  .1  yellow  screen  to  absorb  the  violet  end  of  the  spectrum.  The  Faraday- 
Tvnrfall  beam  is  still  present,  and  can  be  aboliahed  by  rotation  of  the  Niod  prism,  showing 
the  presence  of  colloids.  * 

It  seems  probable  that  botli  duorescence  and  ptujapJiorescefvce  are  really  ca.ses 
of  photo-chemical  reactions  with  storage  of  light  eneigy.  Phosphorescence  is  the 
giring  off  of  light,  not  only  during  illumination,  but  for  a  longer  or  shorter  time 
afterwiirds.  "VVtigert  (1911,  p.  26)  suggests  that  a  substance  A  is  changed 
to  a  substance  B,  with  storage  of  light  energy.  The  spontaneous  return  of  B  to  A 
is  as£>ociated  with  the  giving  out  of  this  energy,  again  in  the  form  of  light.  The 
view  is  supported  by  the  fact  that  fluorescence  can  be  dianged  into  j^Kisphorescence 
at  the  temperature  of  liquid  air,  owing  to  the  reverse  reaction  being  retarded. 
Phoephorescence  itsdf  may  he  abolished  at  this  tempwature,  but  appears  on 
warming. 

The  use  of  tluoi-escence  in  the  observatu)n  of  living  tissues  under  the  microscope, 
has  been  described  above  (page  9). 

GHEMI.LUMINESCENCE 

When  bodies  are  heated  |ppadnally  they  may  be  seen  to  begin  to  give  off  light 
when  a  certain  tempenture  u  reached.    This  light  oonsbts,  when  it  first  appears, 

at  a  temperature  of  somewhere"  .O  out  1,000\  only  of  the  longer  wave  lengths. 
As  the  temperature  rises,  short*  r  :iiid  .shorter  wave  lengths  are  prugres.sively  uddfHl, 
The  temperature  calie<l  *'  white  heat,"  as  is  weii  known,  is  very  high.  Thus  light 
of  a  particular  wave  length  is  associated  with  a  particular  temperature  in  the  case 
ol  this  form  of  radiation.  But  light  is  given  of  by  many  chemical  reactions  at 
a  temperature  much  below  that  corresponding  to  tne  wave  length  of  the  light 
emitted  sup|M>sing  it  to  have  been  prr)diired  by  rise  of  temperature  only.  This 
phenomenon  is  known  as  chemi-luminescence  and  is  not  uncommon.  It  may  be 
seen  by  taking  a  mixture  of  10  cc.  of  10  per  cent,  pyrogallol,  20  c.c.  of  potassiimi 
carbonate,  and  10  cc.  of  commercial  formalin.  Add,  in  the  daiir,  dO  cc.  of 
30  per  cent,  hvdrogen  peroxide.  An  orange-red  glow,  accompanied  by  considerable 
foaming,  will  be  seen.  A  Msi  of  the  reactions  in  which  similnr  ♦  mission  of  light 
(  an  he  seen,  will  be  found  in  the  paper  by  Tmntz  ^905).  The  reactionsj  in  which 
it  occurs  are  themselves  sensitive  to  light,  and  the  wave  length  of  this  light  is 
the  same  as  that  which  is  emitted  in  the  reaction.  Thus  the  system  is  set  into 
^  iVnation  of  its  own  particular  rate  by  the  chranical  reacticm  itself  (see  Hemst's 
book,  1913,  p.  815). 

We  may  also  speak  of  such  reactions  as  being  cases  of  direct  conversion  of 
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chemical  eiierg}*  into  light  energy,  without  pas^g  through  beat.  In  the  same 
way/  certain  photo-chemical  reactkms  are  direct  oonvension  of  light  energy 
into  chemical  < m  i  iry. 

'Die  b(  iiriiig  of  these  phenomena  on  tiie  emission  of  light  by  organisms  viU  be 
seen  later. 

The  light  emitted  by  the  Welsbach  mantle  appears  to  be  of  a  shorter  wave 
length  than  tiiat  coiresponding  to  the  temperature  <^  the  Bunsen  flame.  It  b 
difficult,  however,  to  determine  accuratdy  what  is  the  temperature  of  the  flsm& 

That  of  a  Ixxly  in  it  depends  on  the  ratio  of  its  powers  of  emission  and  abeoipticD 
of  nuliation.  For  pxamplr,  a  bead  of  sodium  phosphnto  on  i\  1<  m  »]>  i>f  y>latinum  wiie 
is  barely  luminous  in  the  Bunsen  flame,  while  the  platinum  glows  brightly. 

PHUTU  ELECTKIC  EFFECTS 

Wlieu  a  ray  of  light  falls  upon  a  metallic  electrode,  the  potential  of  this  latter 

is  changed. 

The  discharge  of  a  chargtHl  electroscope  by  ultra-violet  light,  the  Hallwac-hs 
eflfect,  will  be  referred  to  later. 

The  change  in  the  resistance  of  selriiium  on  c  xpo.surc  to  light  has  been  made 
practical  use  of  in  the  tn\nsmission  of  pictui'es  by  drrtric  current. 

Two  kinds  of  explanation  have  l>fH^n  given  of  the  origin  of  thn  jiotential 
difiVrence  in  photoH-lwtrical  cells.  One  may  sa}'  that  the  light  wliicli  falls  ujx»n 
an  electrode  of  silver  chloride  raises  the  tension  of  chlorine,  and  secondarilj  the 
potential  of  the  electrode,  or  that  electrons  are  torn  off  from  their  combination  by 
the  increased  kinetic  enei'gy. 

For  further  information  the  reader  may  consult  the  book  by  Allen  (1913). 

THE  CHLOROPHYLL  SYSTEM 

We  are  now  in  a  position  to  discuss  wjlh  more  profit  the  action  of  chlorophyll 
in  the  decomposition  of  en rbon  dioxide  and  evolution  of  oxygen,  perhaps  the  most 

interesting  of  all  natural  ])li('no!i!(>iui. 

IIufiori/.'-  'l'hv\\'  iivv  thrrt'  important  datei»  to  be  notetl. 

Priestley  (1 774,  pp.  89-92)  observed  that  air  "spoilt by  mice,  that  is,  incapable 
of  supporting  animal  life,  was  made  good  again  by  allowing  gre^  plants  to  remain 

in  it  for  some  time. 

Ingenhousz  f  ITf^O)  showed  that  this  action  of  irrcen  plants  only  takes  place  in 
the  light.  He  says  :  "The  light  of  the  sun  i»  alone  capable  of  producing  in  the 
leaves  that  movement  which  can  develop  dephlogisticated  air"  (that  is,  oxygen) :  "as 
soon  as  the  light  ceases  to  act  on  the  leaves^  their  operation  ceases  at  the  »uDe 
time,  and  another  of  a  different  nature  connnfiu  os."  (Translate<l  from  p,  17  of  the 
French  editi<»n.)  He  also  shows  clearly  that  it  is  not  fh'*  licat  that  ig  responsible 
for  the  lesult  (p.  In  Fig.  177  I  have  produced  his  little  allegoriad  initial 

picture  of  how  light  purifies  the  air. 

Senebier  (1783,  see  pp.  410-442  of  his  book,  1788)  showed  that  the  chemi«a 
change  involvecl  is  the  conversion  of  fixed  air  into  dephlogistieatc<l  air,  that  is, 
carbon  di  .xide  into  oxygen.  De  Saussure  (1604,  Chap.  2)  iuvebtigated  the 
phenomena  1 1 nan t  i  t.»  t  i  \  •  ly . 

General  ^\^^u^r  o/'  the  Reaction. — As  already  mentioned,  the  process,  taken  as 
a  whole,  results  in  a  large  storage  of  light  energy,  and  is  one  of  those  complex 
reactions  whidi  are  the  mt>st  difficult  to  investigate.  Wo  have  to  deal  with  several 
reactions  chemically  coupled,  some  sensitive  to  light,  others  apparently  not  J 
together  with  both  optif-al  and  eheniical  sen.sitisation. 

As  is  well  known,  it  is  the  presence  of  the  pigment,  chlorophyll,  which  enables 
the  reactions  to  take  place.  Thoee  parts  of  variegated  leaves  which  ate  devoid  of 
chloroplasts,  although  otherwise  similar  to  the  green  parts,  are  incapable  of  photo- 
synthesis, as  it  may  be  called  for  convenience. 

The  Chemistnj'of  rhh.n.phiilL — AlthoTiirh  nmch  very  interesting  work  has  Ixtu 
done  on  the  chemical  constitution  of  chlorophyll,  especially  by  WiUstatter,  it  oinst 
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Fio.  177.    Allegorical  rinrrRE  repreakntino  the  effects  of  the 

LKJHT  OF  THE  SUX  ON  fJREEN  PLANTS  AND  THE  PI  RIFICATION  OF  THE 
AIR  THUS  EFFECTED  BY  THEM. 

(Ingenhousz,  1780.    Initial  figure.) 


be  confessed  that,  valuable  as  it  is,  it  has  not,  as  yet,  thrown  much  light  on  the 
probler/^efore  us.  The  brief  account  which  follows  is  taken  from  the  book  by 
Willstatter  and  Stoll  (1913). 

The  method  of  preparation  will  be  found  on  p.  133  of  the  book.  The  most 
important  point  is  the  first  e.xtraction  of  dried  leaves  (say  of  nettle  or  elder)  with 
80  per  cent,  acetone,  which  does  not  extract  wax  and  fatty  substances. 

Stokes  (1864)  had  already  pointed   out   that  what  is  usually  known  as 
chlorophyll  consists   of  a   mixture   of   two  green  substances,  and  that  it  is 
accompanied   in  leaves   by  two  yellow  pigments.      "NVillstiitter  confirms  this 
statement,  and 
calls    the  two 
chlort:>phylls  a 
and    b  :  these 
are  identical  in 
all  plants,  and 
contain  mag- 
nesium and 
nitnjfjen,  but 
neither  iron 
nor       p  h  o  s- 
phorus.  The 
yellow  pig- 
ments, carotin 
and  xantho- 
phyll,  are  free 
from  nitrt>gen. 

As  to  the 
quantity  of 

these  four  substances  to  be  obtained  from  leaves,  we  find  the  following  data :  Frcra 
1  kg.  of  dned  elder  leaves  ( =  4  kg.  of  the  fresh  leaves)  were  obtained : — 

8*48  g.  of  chlorophyll,  consi.sting  of 

6"22  of  a-chlorophyll,  and 

2*26  of  6-chlorophyll. 
Together  with  , 

1*48  g.  of  carotinoids  (yellow  pigments),  namely, 
0*55  g,  of  carotin 
0"93  g,  of  xanthophyll. 

The  two  chlorophylls  are  separatetl  by  partition  between  methyl  alcohol  and 

a-chlorophyll ;  the  former,  6-chlorophyll, 
F]ven  a-chlorophyll  is  difficult  to  dissolve 
in  pure  petroleum  ether.  It  has  a  blue-green  colour,  with  red  fluorescence.  By 
rapid  dilution  with  water  a  colloidal  solution  is  obtained,  devoid  of  fluorescence. 
Chlorophyll-6  has  a  grei'n  or  yellow-green  colour  in  .solution.  There  is  a  slight 
difference  between  their  absorption  spectra,  as  will  be  seen  later.  The  action  of 
acid  on  the  o-substance  gives  an  olive-green  derivative,  on  the  6-8ubstance,  a  red- 
brown  one.  Chlorophyll-^  is  an  oxidation  product  of  the  a-sul)stance,  containing 
an  extra  oxygen  atom  in  place  of  two  hydrogen  atoms.  Both  are  micro-crystalline. 
They  are  adsorbed  by  charcoal,  and  cannot  be  extracted  again  by  petroleum  ether, 
but  by  pyridine,  no  doubt  a  question  of  relative  lowering  of  surface  tension. 
Their  behaviour  to  reagents  is  essentially  similar,  and  the  word  chlorophyll  will  be 
used  below  to  include  both. 

Further  information  of  their  constitution  is  obtained  by  treatment  with  reagents. 
The  Action,  of  Acid  on  chlorophyll  directly  is  to  .separate  magnesium  from  it, 
fonning  a  derivative  called  "  pha»ophytin."  The  series  of  derivatives  devoid  of 
magnesium  are  called  in  general  "ph}'tins,"  The  magnesium  in  chlorophyll  is  in 
organic  combination,  and  by  treatmeyt  of  the  magnesium-fi-ee  phwophytin  with 
Grignard's  reagent,  (magnesium-methyl-iodide),  the  magnesium  is  replaced  and 
chlorophyll  obtained  again. 


petroleum  ether.  The  latter  takes  up 
since  it  is  insoluble  in  petroleum  ether 
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On  BaponiJictUion  \3j  alkali,  pbaMphytin  shows  itself  to  lie  an  ester,  the 
contains  nitrogen  and  has  thirty-foiir  cathoti  atoms,  while  the  alcolNlS(oaUed 
pliy tol ")  is  free  from  nitrogen  and  is  a  monatomic  alcohol  ol  the  compoaitHW 

Phytol  appears  to  contain  a  number  of  groups — CH^in  a  chain.  It  Is 

colourless,  and  of  less  interest  than  the  ooloured  acid  component. 

Chlorophyll  is^  therefore,  a  fi^ytd-uUr  of  a  nitrogenous  acid  chlorophyllin, 
vhich  contains  magnesium  in  organic  combination.  The  acid  of  the  phaeophytxn 
from  chlorophyll  a  is  olivp  green  in  neutral  solvents,  and  called  p]iyt<x:hlorin- 
That  from  chlorophyll  h  iai  red  in  neutral  solution,  and  called  phytorhodin.  Since 
it  is  an  ester,  it  is  not  surprising  to  find  that  chlorophyll  is  accompanied  in  the 
l«if  by  an  enzyme  (a  lipase  or  estomse),  which  is  active  in  alooholie  solntioii.  In 
extracting  leaves  with  alcohol,  "  alcoholysis "  of  the  chlorophyll  takes  place,  and 
ethyl  takes  the  place  of  ph\*tvl,  f(»rniing  an  etiiyl-olilorophyllide.  The  enzvme 
aets  synthetically,  as  would  \yo.  expected,  and  forms  chlorophyll  in  a  concentrated 
solution  of  phytol  and  tiie  chloropljyll  acid.  The  mono-carboxylic  acid,  which  is 
split  off  by  alkali  from  chlorophyll,  is  called  *<clilofophyllin,"  and  contains 
magnesium.  Its  derivatives  ai*e  the  "phyllins.''  These  latter  are  produced 
by  further  action  of  alkah,  wliich  splits  off  carboxvl  groups.  Hiese  phyllins  still 
contain  the  ma£ni<*sium,  which  is  combined  with  the  nitrogens  of  four  pyrrol 
gruupb.  Tu  split  oil'  the  magnesium  from  them  acid  is  necessary,  and  we  then 
obtain  the  "  poi-phyrins."   llxus  : — 

Chlorophyll  a 
(by  acid)  (by  alkali) 


i+pha-ophytin  a  phytoJ+chloroplivtlin  (contains  Ms) 

(by  alkali)  (by  alk^  at  2U0') 

i 

phytooblorin+ phytol  phyllins 
.  (by  acid) 

porphjmns+Mg 

The  porphyrins  are  of  interest,  because  they  serve  to  bring  into  connection 
chlorophyll  atid  hannoglobin.  The  blood  pigment  seems  to  be  a  derivative  of  a 
substance  which  contains  iron  unitetl  to  four  jtyrrol  groups  in  h  wav  similar  to  the 
magnesium  of  chlorophyll  (see  KUster's  paper,  id06,  and  the  book  of  Willstiater 
and  StoU,  1913,  pp.  42  and  39).  Hoppe-Seyler  (1880,  p.  201)  described  a 
compound,  which  he  called  ''phylloporphyrin,''  obtained  from  chlorophyll,  which 
gave  tibe  same  absorption  spectrum  as  the  htematoporphyrin  derived  from 
haemoglobin.    Similar  pyrrol  derivatives  have  brrn  r»htained  from  both. 

If  one  of  the  porphyrins,  obtained  by  the  action  r»f  acid  on  phyllins,  be  heated 
with  soda-lime,  " aitioporphyrin  is  formed;  it  turns  out  to  be  the  same  substance 
as  that  which  is  formed  from  hematoporphyrin  by  similar  treatment.  Kow 
hsematoporphyrin  is  formed  from  hsematin,  which  is  hsemoglolnn  minus  its  protein 
component,  by  the  removal  of  iron  by  acid,  as  magnesium  is  removed  from  phyllin 
by  aci<l.  'I''>  form  haimoglobin,  hsematin  combines  with  a  protein,  globin  ;  to 
form  chlorophyll,  phyllin,  or  a  carboxylic  acid  derived  from  it,  coml)mes  with 
an  alcohol,  phytol,  to  form  an  ester.  Chlorophyll,  however,  loses  its  magneiiium 
more  readily  than  luemoglobin  does  its  iron. 

As  ret,'arfls  the  pjrrrol  constituents  of  the  two  jugments,  information  ia  to 
be  obtained  by  oxidation.  Kftstor  (1909)  obtained,  by  oxidation  of  hiemin 
(  —  ha  iiiatin  hydrocliloride),  an  imide  of  an  acid,  which  he  called  hfrmadnie  acid. 
AViilstUtter  finds  that  chlorophyll  behaves  in  a  similar  way.    The  porphyrins 
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from  it  gave  an  iiuide  of  hapmatinic  acid,  together  with  methyl-ethyl-nialeic  imide. 
Further,  Nencki  and  Zaleski  (1901)  found  that  ha'inin,  on  ivduction,  gave 
hitmo-pyrrol^  which  is,  according  to  KUster  (1908)  and  Piloty  (1909),  a  dimethyl- 
ethyl-pyrrol.  Willstatter  obtains  this  substance  from  chloi*ophyll  also,  and  finds 
it  to  be  a  mixture  in  both  cases  of  three  isomeric  dimethvl-ethvl-pvrroK 

From  information  given  me  by  Prof.  Willstiitter,  I  understand  tliat  he  dpes 
not  regard  the  similarity  in  constitution  between  chlorophyll  and  haemoglobin 
as  being  of  any  great  significance.  The  mother  substances  were  probiibly  at  liand, 
and  compounds  with  the  properties  of  the  two  pigments  respectively  being 
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Fio.  178.  Absorption  SPECTRA  OF  CHLOROPHYLL  AND  ASSOCIATED  PIGMENTS. — Scale 
of  wave  lengths  at  top  and  bottom.  Fmunhofer  lines  marke<l  at  the  top.  The 
colours  of  the  regions  of  the  spectrum  indicated  at  the  bottom. 

1,  Nettle  leaf,  living.   Chlorophyll  in  colloidal  sUte  O^'Ulstatter  und  Stol),  p.  62X 
f,  a-chloroi>h.vll  in  ether  (do.,  p.  170). 

5,  6-ohlorophyll  in  ether  (do.,  p.  171). 
U,  Carotin  in  alcohol  (do.,  p.  24C). 

6,  Xanthophyll  in  alcohol  (do.,  p.  "J-. 6). 

refjuired,  if  one  may  use  the  expression,  these  pyrrol  derivatives  were  made 
use  of. 

In  the  leaf,  accoixling  to  TVillstiitter,  chlorophyll  probably  exists  as  an 
adsorption  compound  with  a  colloid,  but  not  combined  with  a  lipoid,  as  some  have 
stated. 

The  two  yellow  pigments  are  both  unsaturate<l  and  autoxidisable,  that  is,  they 
spontaneously  oxidise  in  the  air.  They  are  nitrogen-free.  Both  pigments  have 
two  absoi-ption  bands  in  the  blue  and  blue-violet  (see  Fig.  178). 

The  one,  carotin,  is  an  unsaturated  hydrocarbon  (C^,^Hj^.).  It  is  soluble  in 
petroleum  ether  and  is  identical  with  the  *'  lutein  "  of  the  corpora  lutea  of  manmials. 
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It  18  iflemeric  with  tbe   lyeoperdin  "  of  the  tomato.    As  we  sh^ll  see  later,  it  miy 

play  a  part  in  the  decotnposition  of  carbon  dioxide  by  the  chloroplast  system. 

Xanihophyll  is  an  oxide  of  (^ai  otin  (C^^Hj^Oj).  It  is  insoluble  in  petroleum 
ethrr.  but  soluble  in  methyl  alcohol.  It  is  isomeric  with  the  "lutein"  o£  tiiefowi% 
e^,  which  has  no  relation  to  cholesterol,  as  had  been  supposed. 

ABSORPTION  OF  LIGHT  BY  CHLOROPHYLL 

In  Fig.  178  the  absorption  spectrum  «•£  chlon>phv1].  in  its  two  forms,  i??  given. 
The  most  striking  and  characteristic  ap^iearance  is  the  dark  band  in  the  red,  which 
is  divided  into  two  in  chlorophyll-6.  As.  will  be  noted,  the  chid  absorption  is  in 
the  longer  ware  lengths  and  is  practically  in  the  position  of  the  maximum  oTiergy 
of  the  solar  spectrum,  during  the  greater  part  of  the  day.  S.  P.  Langlers 
measurrmonts  of  the  position  of  maximum  enertjy  sjave  650-666  for  hiirh  sun 
The  latter  iiuiiilH  r  is  eahv  to  reinenibfr,  a.s  Timiriazel}' points  out,  being  tlie  numWr 
of  the  beast.'"   The  middle  of  the  chief  baud  of  chlorophyll-a  is,  in  solution  in  etlttr, 

at  662  {Lfi.   In  colloidal  solution  in  1 
per  cent,  iicetone,  the  Ijand  is  shifted 
townrds  the  red.  so  that  its  maxiinuTr.  : 
is  at  <jT><  nti.    This  is  the  same  as  that 
of  its  luitui-ai  state  in  tbe  leaf.    Tbe  , 
mazimnm  energy  of  solar  rsdiatioii,  j 
also,  would  he  for  the  greater  part  ol 
the  day  nearer  the  red  than  the  figure 
of  Lantjh'v.     riilurophyll  has  a  ow- 
siderable  absorption  in  the  blue  aLsio. 
but  practically  none  in  the  iufra-red, 
nor  in  the  ydloW'green,  not  much  in 
the  ultrsrviolet 

It  is  remarkable  that  some  of  the  sariier 

observers  believerl  that  their  experimpnt* 
showed  that  thu  tuaximum  pboto-chemicai 
change  occurred  in  the  yellow-green  region, 
in  which  the  absorption  of  light  enf-rg}-  i» 
minimaL  This  tvould  be  a  dilh( ulty  m 
view  of  Grotthus's  law,  and  later  ob!*ervs- 
tioQS,  especially  by  Engelmann,  showed  it  | 
to  ho  doe  to  iooorrect  estimation  of  the  * 
absorptioii  of  ths  screeos  used. 

A  striking  demonstration  of  the 
fact  that  the  maximum  evolution  of 
oxygen  is  at  the  place  of  the  ;;n-at<^t 
absorption  of  light   was   given  by 
Engelmann  (1883,  1).   This  was  done 
by  the  use  of  a  bacterium,  wliich  was  very  sensitive  to  osgrgen.    Water  | 
containing  these  orgafii«;m8  was  placed,  along  with  a  thread  of  a  grctn  algm,  ' 
on  the  stage  of  a  niieroscope.     In  the  same  jilane,  and  nlo?ii;  xh*-  \\\v<i\d  t.f 
alga,  a  minute  spectrum  was  projected  by  means  of  a  spectroscopic  arrange- 
ment  beneath  the  st^.   It  was  seen  that  the  bacteria  accumulated  preci^y 
at  the  places  where  the  absorption  hands  of  chlorophyll  were  situated  (see 
Fig.  179).     Another  experiment,  showing  the  simie  fact,  is  due  to  Timiriazeff 
A  leaf  on  a  plant  is  deprived  of  its  store  !  starch  by  being  kept  in  the 
dark.    A  small  .spectnjm  is  projeet<'<l  on  to  its  surtaee  and,  after  siviiif  time,  th* 
leaf  is  decolorised  by  alcohol  and  treatetl  with  iodine.    The  aUHurpnon  bauds  oi 
chlorophyll  are  then  found  to  be  mapped  out  by  the  action  of  the  iodine  on  the 
Btar(  h,  which  has  only  been  formed  in  these  places  (Fig  180).   M  a m  ements  have  j 
iiKn  been  made,  speot ro|.hotonietriea]ly.  of  the  absorption  of  light  in  diflSeicnt 
regions  of  tlie  spectrum  and  <  i)iupare<i  with  the  photo-chemical  etfe<  r.    TIutc  are 
two  maxijna  shown,  but,  when  the  curve  is  corrected  for  the  normal  s}»i€U  iim,  in 
^  which  equal  abscissn  correspond  to  equal  difierences  of  wave  length,  the  mx^uU 
*  maximum  in  the  blue  end  is  found  to  be  comparatively  unimportant^  Fiod 
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Flo.  179.  PBODrcTio.v  (>»  M.woES  in  rosiTioy 
or  MAXIMAL  Afsoarriox  ou  liout  bt 
CHix>KOPHTtx.  Fart  of  a  flhun«nt  of  Clado> 

phora  in  water  containing  motile  bactsris, 

of  c<jn«iderable  avidity  for  oxygen, 

A  0]>«ctrum  of  minlight.  tii'lK-aUfd  by  the  position  of 
tb«  tVauuhofer  lines,  is  prujected  from  below  to  Ua 
•Jonjr  Ihe  fllanient.  The  alt^orption  t>t  hghi  by  tht 
clilorapta^tH,  which  pnurticnlly  All  tb«  ools,  ta  wm 
between  B  and  C  and  at  the  violet  end.  The  acctimulA- 
tion  of  iKKteria  atplM«aof  abmrption,  especially  in  the 
red.  ehow*  tbaft  ingrfM  la  beiof  fwoduoed  tbere. 
HiUnUied  188  thud. 


(Engeli 


1882,  1,  p.  195.) 
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Engelmann's  results,  it  appears  that,  in  proportion  to  the  light  absorbed,  the 
^tficiency  of  the  various  regions  of  absorption  is  the  same.  In  other  words,  so  long 
IS  light  is  absorbed,  it  does  not  seem  to  matter  what  the  wave  length  is.  Kniep 
sind  Minder  (1909),  also,  have  compared  the  carbon  assimilation  with  the  relative 
amount  of  energy  of  the  light  absorbed  in  different  parts  of  the  spectrum  and  state 
blmt  it  is  in  direct  proportion.  This  fact  seems  to  suggest  that  tlie  actual  pigment 
Itself  is  merely  an  optical  sensitiser,  since  there 
is  no  relation  between  its  particular  absoi*ption 
bands  and  the  photo-chemical  change. 

Lasareff  (1907)  similarly  showed  that  the  bleach- 
ing of  certain  dyes  is  in  proportion  to  the  light  energy 
ab4*orb^,  whatever  the  colour  of  the  light.  It  is 
obvious,  however,  that,  in  so  complex  a  system  as 
the  living  cell,  an  exact  agreement  is  not  to  be  ex- 
pected :  the  oxygen,  for  example,  may  be  partly  used 
vip  by  the  protoplasm,  and  structures  other  than  ihe 
chloropla^ts  absorb  light. 

We  may  take  it,  then,  that  the  maximal 
eflfect  of  the  chlorophj^ll  system  is  in  relation  to 
tliat  part  of  the  spectrum  which  is  absorbed 
ruost. 


THE  STRUCTURE  OF 
CHLOROPLAST 


THE 


Fio. 


2.      5.  5- 

180.    pRODrcTioy  or  starch 

IN'  THE  SPECTBUM. 


In  ^-iew  of  the  results  obtained  by  various 
o"bservers  with  solutions  of  chlorophyll  ex- 
ti-acted  from  the  leaf,  it  is  important  to 
i-eniember  that,  in  situ,  this  pigment  is  closely 
aj>sociated  with  other  substances  in  the  gi-anuK  s 
known  as  chloroplasts.  It  appears  to  form  a 
thin,  highly  concentrated  layer  on  the  surface 
of  these  bodies  and  is  practically  solid  (see  the 
pajHT  by  TimiriazeflP,  1903,  p.  455),  or  in  the 
colloidal  state,  since  it  shows  no  fluorescence. 
As  we  saw  (j>age  562),  its  spectrum  in  the  leaf 
Ls  the  same  as  that  of  the  colloidal  solution. 
Owing  to  its  close  association  with  the  complex 
system  of  the  chlomplast,  it  is  scarcely  to  be 
expected  that  it  would  be  possible  to  obtain 
the  complete  photo-chemical  change  in  pre- 
parations containing  chlorophyll  alone.  Miss 
Irving  (1910)  found  that,  if  a  seedling  Ix; 
grown  in  the  dark  and  then  placed  in  light, 
chlorophyll  may  be  produced  in  the  cells  before 
thev  have  develope<l  the  power  of  photo- 
synthesis. At  the  same  time,  it  is  obviously 
of  interest  and  importance  to  commence  with 
the  action  of  pure  chlorophyll  and,  if  possible, 
acid  the  other  constituents  of  the  system  later. 

In  this  connection,  we  may  remember  the  importance  of  the  structure  of  the 
£ell,  not  only  for  oxidation  prwesses,  about  which  we  shall  have  to  sjH'ak  later,  but 
also  for  the  re-establishment  of  the  contractile  system  of  muscle,  with  addition  of 
energy,  a  process  more  analogous  to  that  of  photo-synthesis. 

THE  PHOTO-CHEMICAL  REACTIONS  OF  THE  CHLOROPHYLL 

SYSTEM 

Tlie  final  result     the  process  may  Idc  rej^rcsented  by  an  equation  such  as : — 
aCO^  +  a-HjO  +  light  energy  =  C.H^O.  +  .>0., 
but  this  naturally  gives  us  no  indication  as  to  how  it  is  brought  about. 


Hydrangea  leaves,  still  attarhed  to  the  plant, 
have  net?!!  denrivwl  of  starch  by  keepintf 
in  the  dark.  Tnev  have  then  projected  upon 
them  a  small  solar  si»ectrum  for  five  to  six 
hours.  Siihseijuent  treatment  with  iodine, 
in  the  umial  way,  shows  a  picture  of  the 
alMoqition  simtrum  of  chlorophyll  in  the 
blue  "comixiund "  of  iodine  and  starch. 
The  lower  piti.-e  of  leaf  has  bet  ii  fiartialiy 
covere<l  with  a  screen,  representwl  l)elow 
it,  in  ».uch  a  way  that  the  wider  j>art  of 
the  aperture  corre«ix»nde<i  with  the  reffion 
of  the  siKftrum  between  the  lines  B  and  C. 

(Tiniiriazeff,  VMS,  p.  434.) 
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The  fact  that  light  energy  ii>  stored  up  shows  at  once  that  wc  iiuve  to  deal  with 
a  process  that  is      a  tafaUftie  one.    The  reduction  of  carbon  dioxide  at  ordinary 

totnperatures  is  effected  against  chemical  forces.  As  Weigert  points  out  (1911, 
p.  99),  this  indicates  that  chlorophyll  itst  lf  takes  part  in  the  reaction  and  that 
the  considcniWe  increase  in  potential  which  o'-cnrs  is  due  to  the  intf-mction  with 
olher  parts  of  the  cliloropla^t,  as  indicated  aix)ve.  This  raii>iiig  ot  potential  i»  a 
common  phenomenon  in  physiological  processes  (see  the  paper  by  Weigert,  190^, 
p.  464). 

In  living  frt'ganisms,  as  we  know,  the  process  is  a  reversible  one,  since  carW 
hydrate  is  oxidised  with  production  of  earbon  dioxide  and  water,  but  it  i>  not 
necessary  that  the  same  intermediate  btage*  should  bo  passed  through  ;  iu  tm;t  it 
does  not  seem  probable  that  they  are.  If,  however,  we  take  the  simplest  form  of 
the  equatlcMi  given  above^  making  1,  formaldehyde  is  one  of  the  products  m 
the  right-hand  side,  and  this  is  oxidised  hy  oxygen,  at  all  events  by  ^'aetiTe" 
oxygen,  givinc^  ont  light  as  a  phenomenon  of  chemi-luminescence  (see  pa.r 
557  above).  According  to  Tmiitz  (1905,  p.  101),  this  liirht  is  of  a  reddish  cult. nr. 
in  fact,  of  the  siiiiie  wave  length  as  the  position  of  the  main  chlorophyll  aljo»j»r|>Uvij 
band  Tbu8»  the  equation  might  be  written,  with  the  indusion  of  light  as  s 
part  of  the  reversible  system : — 

CO2 + H2O  +  light  energy  of  definite  wave  length  -^-^  HCHO + O,. 

It  was  suggested  by  von  Baeyer  (1870)  that  formaldehyde  is  tiie  first  prodoot 
of  phot<MiynSiesis,  and  Usher  and  Priestley  (1906)  found  that  an  aldehyde  is  to 
be  detected  as  a  product  of  the  action  of  Ught  on  films  of  chlorophyll  in  the 
presence  of  moist  carbon  dioxide.  There  is  also  reason  to  expect  formaldehyde 
t«)  be  producefl,  since  Bach  (1893)  obtained  formic  acid  by  the  action  of  light 
tiirbou  dioxide  in  presence  of  solutions  of  luunium  salts,  and  Moore  and  Webster 
(1913)  have  obtakied  formaldehyde  fay  the  action  ct  ultrsrviolet  light  upon 
colloidal  solutions  of  uranium  hydroxide  or  ferric  hydroxide.  Moreover,  formalde- 
hyde is  readily  polymerised  to  higher  carbohydrates.  Loew  (1889)  obtained,  by 
the  action  of  magnesium  oxide  and  lead  on  formaldehyde  at  60*,  a  suji^r  which 
he  called /ormme;  this  was  afterwards  shown  by  Emil  Fischer  (1890)  to  be  inactive 
fructose.  Berthelot  and  Oaudedion  (1910)  obtained  formalddivde  by  expo^iug  a 
mixture  of  carbon  dioxide  and  hydrogen,  or  water  and  caroon  monoxide,  to 
,ultra- violet  light,  and  Walther  Loeb  (1905)  by  exposing  moist  carbon  dioxide 
to  the  silent  electric  (liM  liarge.  In  both  cases,  a  series  of  intermediate  reactions 
took  [tlace,  and  tiio  conditions  are,  perhaps,  rather  far  from  tliose  of  the  green  leaf, 
although,  as  we  have  seen,  the  photo-chemical  proeesSi  in  Luther's  view,  is 
fundammtally  an  electric  one.  The  alternating  electric  fidld  of  the  silent  discharge 
is  not  very  far  removed  from  that  of  lighti  hat,  of  oouTse^  the  frequenqr  of  the 
alternations  i*?  very  much  less. 

Now,  if  the  aldehyde  in  Usher  and  Priestley's  experiments  were  actually 
derived  from  the  carbon  dioxide  present,  a  great  step  would  have  been  taken,  but 
we  have  already  seen  reason  to  doubt  whether  such  a  reaction  is  possible  by  the 
aid  of  chlorophyll  alone.  Schryver  (1910)  showed  that  an  aldehyde  is  only  to 
Ix^  obtained  from  chlorophyll  after  it  has  been  ex|x><!efl  to  light,  but  that  tlie 
pro<iuctiou  (loeb  not  tlepend  on  the  presence  of  carbon  dioxide,  lioceut  work 
by  Wager  (1914)  and  by  Warner  (1914)  confirm  this  result  as  to  the  production 
of  some  aldehyoe  from  chlorophyll  by  light  in  the  absence  <rf  cwrbon  dioxide;' 
they  find  also  that  oxygen  is  necessary,  and  that  it  is  used  up.  Wager  is  doubtful 
whether  the  aldehyde  formed  is  formaldi  hvde,  since  the  eoloiir  given  with 
8^'lirvvers  reagent  is  diii'erent  from  that  givtn  bv  pure  formaltiehvde.  The 
aldehyde  produced  undep  these  conditions  is  a  i-esuit  of  the  photo-chemical 
oxidation  of  chorophyll  itself,  whidi  becomes  bleached.  Wager  auows  that  the 
amount  of  aldehyde  pixxiuced  is  proportional  to  the  amotmt  of  absorption  in 
the  different  regions  of  the  spectrum.  He  could  not  detect  ruiv  di.«;appea ranee 
of  carbon  dioxide  when  chlorophyll  films  were  exposed  to  light  in  its  jacscnce, 
but  u<.hnits  the  possibility  that  his  method  might  not  have  been  delicate  enough 
to  detect  a  minimal  disappearance.   An  important  fact  shown  is  that,  wh«n 
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chlcHTophyll  is  oxidised  by  such  reagents  as  hydrogen  poroxide  or  potassium  per- 
manganate, an  nMf'hvde  i<?  formed.  Similar  i-esults  were  arrived  at  by  Warner 
independently,  liotli  in\ rstiicaturs  also  found  that  an  oxidi^incr  siih<;tanee  is 
produced  at  the  same  time  the  aldehyde.  This  oxidising  agent  is  o£  a  peix^xide 
nature,  and  Warner  makes  the  statement  that  the  hleaiming  of  chlorophyll  is 
doe  to  hydrogen  perozid^  as  had  been  stated  by  Usher  and  Priestiey  previously. 
Wager,  on  the  contrary,  was  unable  to  obtain  any  of  the  usual  reactions  of 
bydi*f>g('n  p('roxidp ;  but  the  experinu'iital  results  of  Usher  and  Priestley  are 
diiHcult  to  interpret  otherwise.  They  coated  a  plate  with  gelatine  contnining  the 
enzyme,  catalase,  obtained  from  the  liver.  This  enj^ine  decomposes  hydrogen  peiv 
oxide  with  evolution  of  gaseous  oxygen,  and  so  far  as  is  known,  does  not  so 
decompose  other  peroxides.  There  is,  however,  another  enzyme,  peroxidase, 
whij'li  (Ifcoin poses  other  orcranic  peroxides,  as  well  as  hydrogen  per<>vide,  but 
(iocs  not  eause  the  pHxluction  of  gaseous  oxygen,  so  that  it  could  not  Mccouut  for 
tite  following  result.  The  tiim  of  gelatine,  containing  catalase,  was  coated  again 
with  a  film  of  chlorophyll,  and  exposed  to  light  in  the  presence  d  carbon  dioxide. 
The  gelatine  film,  after  a  time,  was  found  to  be  full  of  bubbles  of  gas,  while  the 
chlorophyll  remained  unbleache<I.  The  fact  can  only  be  explained  by  the  rapid 
diffvision  of  hydrogen  peroxide  into  the  gelatine  film,  and  its  decomposition  there 
beture  it  had  time  to  afl'ect  the  chlorophyll  to  aiiy  perceptible  extent. 

These  results  are  very  suggestive  in  view  of  what  has  been  said  above  with 
regard  to  the  phenomena  d  i^tical  sensitiaation,  in  which  we  find  frequently  a 
similar  activation  of  oxygen,  associated  with  the  partial  decomposition  of  the 
sensitiser.  Although  it  appears  that  the  product  of  the  action  of  light  on  a  dye 
acts,  in  the  ordinary  cases,  as  a  catalyst,  it  does  not  seem  necessary  to  assume 
this  in  the  case  before  u^,  since  the  result^  can  be  explained  by  the  oxidation  of 
part  of  the  pigment  by  the  peroxide  produced,  with  the  production  of  an  aldehyde. 
At  the  same  time,  there  is  no  reason  to  deny  the  existence  of  a  catalytic  process 
as  part  of  the  phenomenon  ;  in  fact,  Uiat  part  with  which  we  are  now  concerned 
is  not  one  in  which  energy  is  stored. 

The  point  to  which  we  have  arrived  seems  to  be  this.  The  aldehyde  which 
is  split  off  from  the  chlorophyll  system  must  liave  been  derived  from  some 
oonstitnent  of  the  chlorophyll,  probably  the  phytol,  since  it  is  formed  by  light 
irrespective  <rf  the  presence  of  carbon  dioxide,  llie  experiments  Just  related, 
therefore,  give  us  no  intortitnrion  )i<  (<>  the  most  difficult  part  of  the  problem, 
nilEnely,  how  formaldehyde  is  produced  from  carbon  dioxide,  or  if  such  is  the  case. 

As  to  this,  lioppe-Seyler  (1881,  p.  139)  suggested  the  hypothesis  tliat  chloro- 
phyll combines  with  H2CO3  (^COj^  +  HjO);  this  compound  is  supposed  *<to  fall 
apart,  under  the  influence  o£  lights  in  such  a  way  as  to  yield  chlorophyll  (or  the 
ratalvbt  contninpfl  therein),  oxygen  and  fi  thirfl  product,  either  sugar  or  a  substance 
from  which  sugar  may  be  fonned."  We  ha\e  seen,  on  the  other  liaud,  that  the 
main  process,  as  a  whole,  is  not  a  catalytic  one,  and  the  assumption  of  a  chemical 
compound  of  chlorophyll  with  carbon  dioxide  is,  at  present  devoid  d  proof. 
We  may  perhaps  regard  the  association  of  carbon  dioxide  and  wator  with  <^oro> 
phyll  as  some  kind  of  a  physico-chemical  system  analogous  to  that  of  muscle. 
Hy  the  taking  up  of  light  energy,  this  systeiti  is  converted  into  one  in  whidi  the 
pbemical  potential  of  the  carbon  dioxide  plus  water  is  raiseii  to  that  of  tormalde- 
hjde  plus  oxygen,  or  hydrogen  peroxide.  The  formaldehyde  may  possibly  be 
combined  chemically  with  the  chlorophyll,  or  it  may  be  merely  araociated  in  some 
way,  such  that  it  is  split  off  by  the  subsequent  action  of  light  and  oxygen.  Of 
course,  the  processes  proceed  simultaneously  under  natural  conditions.  We  may 
represent  it  thus,  in  diagram,  putting  ^  for  chlorophyll : — 

HjO(c)CO.,  4- light  energy  Hg)CH()H+0,        -         -  (1) 

©CHOH— +  CHOH  -         -         .  (2> 

It  must  be  assumed  th^t  the  oxygen  is  molecular,  inactive,  oxygen  and  given  off 
a^i  gas,  so  that  the  formuidciiyde  escapes  oxidation.  The  first  stage  does  not  appear 
to  have  been  obtain^  outside  the  living  leaf  and  it  probably  requii-es  the  complex 
mechanism  of  the  diloroplast.  What  this  mechanism  b  requires  further  investigation. 
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VViilsUitter  and  StoU  (1913,  p.  25)  make  the  following  suggestion.     Carbon  dioxidt",  i 

attracted  to  the  chlorophyll  system  by  virtue  of  the  n)agnet«iuni  it  contains,  is  r«?dac«d  by  • 
chlorophyll-a  (by  the  agency  of  liglit  energy),  which  itself  becomes  chlorophyll-6.    As  *r« 

saw,  omoropbyll'd  is  «lo  oxidation  product  of  chlorophyll-a,  containing  one  atr^m'rtiore  oxsgttt.  \ 

Two  moleoulefl  of  ohlovophyl1<6  might  then  give  off  a  moleoole  of  oxygen,  and  ^K^m^  \ 
chlorophyll  '»  again.    It  is  further  8Ugge8t«d  that  this  removal  of  oxygen  may      tht  function 

of  carotin,  which  thereby  beoomee  xanthophvU.  A  reducing  enzyme  tinally  ooovcru  . 
xanthophyll  into  mrotfn  again.   But  thii  natorafly  is,  at  present,  purely  hypotjieitkaL 

It  will  be  seen  how  far  we  are  from  understanding  the  process. 
Usher  and  Priestley  (1906)  think  that  hydrogen  peroxide  is  the  immiltmt* 
source  of  the  oxygen  gix^n  off  in  photo^ssirailation ;  this  peroxide  is  decomposed  I 

by  catalase,  present  in  all  green  leaves,  with  evolution  of  molecular  oxygen.  It  j 
Ls  possible,  however,  that  the  hydrogen  peroxide  detecf*'*!  Viy  them  is  only  the 
pitxluct  of  the  second  stage  of  our  hypothetical  proceiis,  which  takes  place  in  vitro  i 
and  is  concerned  with  the  splitting  off  of  formaldehyde  from  its  temporary  a&sociatMQ 
with  chlorophyll.  It  nay  even  have  nothing  to  do  with  the  real  caroon  dioskle 
assimilation,  being  possibly  concerned  with  the  action  of  the  chlorophyll  as  an 
optical  wn«;itiser.  It  is  clear,  in  any  case,  that,  in  the  reduction  of  carbon  <lioxide, 
oxygen  must  be  dfalt  with  in  sf»me  way,  and  the  final  net  result  is  that  a  voiuniff 
of  oxygen  etjual  to  ihat  u£  the  carbon  dioxide  is  given  off. 

If  formaldehyde  is  taken  up  in  any  way  by  chlorophyll,  the  hitter  is  shown 
to  be  a  tiA^mica^MfistftMi*,  as  well  as  an  optical  onet 

Fenton  (1914)  finds  that,  urid'  r  a|>j)ropriate  conditions,  formaldehyde  and  hydrogon  p»  t  oxifk 
combine  to  form  a  compound  2H.CU0.  H2^2>  which  is  crystalline  and  fairly  stable  at  onlinarv 
temperatures.  It  takes  iire  if  brought  into  contact  with  reduced  iron  or  platinum  black,  h 
ic  deoompoeed  by  sunlight. 

After  all»  it  seems  most  likely  that  the  aldehyde  which  results  from  the  aeaon  ; 
of  light  plus  oxygen  on  chlorophyll  in  vitro  may  come  frcHn  actual  deoomposiiivH  ' 

of  the  molecules  of  chlof  j  livll,  as  it  does  from  ot]i»T  Mrs/anic  substances.    In  i>uclj  \ 
ii  case  it  would  have  no  ri  l.ition  to  the  phuto  svntheiic  process,  and  he  a  puK]y 
artificial  phenomenon.    Cumus  and  Frauzen  (1912)  obtained  from  Itsaves  a/i- 
hexylene«ldehyde,  CH*-CH*-CH<- GH  »  CHO.   The  production  of  soeb 
higher  aldehydes  suggests  a  possible  <»igin  from  tho  phytol  of  cblorophylL 

Since  chloropliyll  is  nn  optical  sensitiser  and  these  act  by  formation  of  catalysti 
(Weigert,  1911,  pp.  64-70),  the  possibility  must  not  l>e  disregarded  that  it  m*iy 
have  no  other  function.  If  this  be  so,  the  formation  of  formaldehyde  from  earb»»ii  I 
dioxide  and  water  would  only  be  possible  in  the  complex  system  of  the  chloropk«t, 
as  already  suggested  above.  Althou^  there  are  certain  difficulties  in  this  view, 
muh  as  tne  peculiar  chemical  nature  of  chlorophyll  itself,  as  an  organic  ^agneHDin 
compound,  it  seems  hv  v.n  means  unlikely  that  it  may  tmn  out  to  1)0  the  eorreot 
one.  If  so.  the  photo-chemical  reaction  by  M'hich  carlxat  <iioxide  and  water  are 
ctnivertiMl  int4j  formaldehyde  and  o.xygen,  with  the  taking  up  of  light  energy,  is 
effected  by  other  constituents  of  the  chloroplast*  perhaps  wiUi  the  aid  ol  iron,  as 
pointed  otit  by'Hoore  (1914),  and  that  the  use  of  the  optical  sensitiser,  chlon^ihyll, 
is  to  enable  a  sufficient  supply  of  light  energy  to  l>e  available. 

As  to  the  further  change  of  formaMelu  de  into  sugar  nnd  March^  thi*i  readilv 
takes  place  under  ordinary  chemical  c^^aiditums,  as  state<i  above  (page  564).  M 
the  same  time,  if  the  process  were  as  simple  as  this  in  the  leaf,  it  would  seem  thsl 
formaldehyde  should  serve  as  a  means  ol  formation  of  starch,  independent  of  light 
Now,  escperiments  hy  Miss  Baker  (1913)  show  that  this  is  not  so,  fonnaldehjrdr 
does  not  serve  as  carlMin  f(M>d  for  plants  in  the  dark,  mHI n  ul h  it  does  so  iTi  the 
light.  It  is  pi«'l)uhle,  tlu  retoie,  that  light  accelerates  the  polymerisation,  so  ihal 
there  is  never  much  fi-ee  formaldehyde  present  at  one  time,  thus  avoiding  the  well- 
known  toxic  efiSects  of  this  substance.  The  energy  change  is  small  in  the  procees  <i 
polymerisation  of  formaldehyde  an<l  a  catalyst  may  be  produced  in  the  chlorophyll 
system  under  the  action  of  lights  thus  adding  another  factor  to  the  eompfes 
system. 

Timii  iazeff  (1903,  p.  455)  luus  made  an  inteirsting  calculation,  on  the  ImMS  ft 
the  mwi.su  remeuts  of  Horace  Brown  and  others,  to  be  given  presently,  of  thr 
actual  amount  of  light  eneigy  absorbed  by  chlorophylL   The  result  is  that»  if  all  tlw 
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light  energy  were  converted  into  beat  in  thie  chlorophyll  itself,  a  temperature  of 
6,000°  C.  would  be  oV)tnine<l.  Of  coursf,  tlu'  ciurgy  is  converted  into  chemical  work, 
without  passing  thri)u:;li  heat,  but  thr  calculation  gives  us  nn  \den  of  the  inteiisity 
of  the  energy  change^  l»r>iught  into  ['lay.  Tt  may  be  noted  that  larbon  dioxide  is 
dissuciated  into  carbon  monoxide  and  uxvgen  at  about  1,200  ,  but  this  fact 
would  not  assist  the  comprdiension  of  tbe  photo-chemical  process,  even  if  we 
admit  that  such  a  tanpoature  might  be  attained  locally  in  the  chloroplast,  since 
the  union  of  carbon  monoxide  and  hydrogen  to  produce  formaldehyde  requires  the 
action  of  liglit. 

The  reduction  of  carbon  dioxide  can,  nevei'theless,  be  effected  by  certain  proto* 
plasmic  systems  by  the  aid  of  chemiaal  energy  teUhmU  light,  so  tiiat  the  photo- 
synthetic  process  is  not  to  be  regarded  as  an  altogether  singular  one.  Other  forms 
of  energy,  besides  that  of  li^ht,  can  be  utilised  by  certain  oiganisms  for  the  purpose. 

For  f  \;ui)f)le,  there  are  some  bacterid  which  enn  use  the  energy  obtai!i'  'l  by  the 
^'xitlation  of  hydrogen  to  refluce  tarbon  dioxide  for  their  own  cai  b«>n  m'cds. 
Suppose  we  grow  these  bacteria  m  a  closed  vessel,  containing  hydrogen  and  oxygen, 
we  find  that  combustion  of  the  gases  to  form  water  takes  place.  If  carbon  dioxide 
is  also  present,  it  simultaneously  dusap[>ears  and  the  carbon  is  assimilated  by  the 
bactrrin.  If  hvHrogen  and  carbon  dioxide  alone  are  pres^nir.  rliere  is  a  slight  dis- 
appearance of  both,  uut  very  little  (see  also  Winogradsky,  i*JUl,  and  Bcijerinck,  1904). 

Electrical  Changes. — Such  have  been  described  in  the  green  leaf  in  consequence 
of  illumination.  The  work  of  Haacke  (1892)  and  of  Waller  (1900,  2)  may  be 
mentioned.  The  effects  appear  to  be  connected  with  the  photo-s3^thetio  processi 
since  they  are  absent  if  tlie  light  has  already  been  deprived  of  the  rays  absorbed 
by  chlorophyll  by  passing  through  another  gteen  leaf  previously.  These  effects 
are  nearly  as  great  when  red  light  is  used  as  when  white  light  is  used.  Waller 
has  shown  that  removal  of  carbon  dioxide  abolishes  the  response^  and  that  it  can*  be 
bronght  back  by  adding  carbon  dioxide  to  the  atmosphere  in  which  the  leaf  is 
situated.  The  fact  of  an  electrical  response  is  of  interest  in  connection  with  the 
electrotiir  t!i»  firv  f)f  photo  chemical  change,  described  above  (page  552),  but  cannot  as 
yet  be  t  xplaineti.  llarvey  Gibson  and  Titherley  (1908)  have  suggested  an  eltH;tix>- 
chemical  theory  of  chlorophyll  assimilation  on  the  basis  ot  these  electrical  eflects. 

J?««f  andSrown  Seatoeeda* — The  absorption  of  light  by  chlorophyll,  as  we  have 
seen,  is  such  as  to  make  the  best  use  of  the  li  lit  available.  But  a  green  pigment 
is,  of  coijrse.  tmnsparent  to  the  green  rays,  which  preponderate  under  water,  so 
that  it  would  Ix;  inefficient  in  that  situation.  Accordingly,  Engehnann  has 
pointed  out  (1682,  2),  we  find,  in  the  seaweeds,  red  and  brown  pigments  corre- 
sponding to  dilorophyll  and  having  the  same  function,  but  able  to  absorb  effectively 
the  green  light  available.  For  example^  tiie  red  seaweeds  show  a  maximum  of 
carbon  assimilation  in  the  green  and,  speetrophotometrically  measured,  they  show 
th»'  gTeatesi  absorption  in  the  same  r("j'i'*>T>,  altliough  there  is  alsio  considerable 
absorption  between  the  lint^  B  and  C,  where  the  chief  ban<l  of  chlurujihyll  lies. 
The  minimum  of  absorption  is  in  the  orange  between  C  and  D  (p.  220  of  the  paper 
referred  to).  This  fact  serves  to  iUustrate  the  function  of  chlorophyll  as  an  optical 
sensitiser ;  the  same  effiMSt  is  produced  hy  light  of  various  wave  lengths,  provided 
that  it  is  absorbed. 

In  c<'rtain  eases,  to  which  Eng<^lmann  has  given  the  nani'-  <>f  cimipf^mentary 
chromatic  adapiatiofif"  we  find  that  h  pigment  is  actually  foruiou  under  the  action 
of  coloured  light  and  that  the  pigment  has  a  colour  which  is  complementary  to 
that  of  the  light  to  vrhich  the  organism  is  exposed,  so  that  this  light  is  th^ 
absorbed.  The  alga,  OscUlaria  iancta,  as  shown  by  the  work  of  Giudukov  (1902), 
occurs  in  several  colours  lx»tween  reddish  puq^le  and  blue-green.  If  cultm-es  are 
made,  say,  of  the  reddish  purj»le  variety,  we  find  that  under  light  a  green 
pigme-nt  is  produced.  It  we  take  the  green  variety,  it  becomes  redflish  under 
green  light,  brownish  yellow  under  blue  light,  and  so  on.  The  general  colour  of 
a  mixed  culture  thus  tends  to  become  ccnnplementaiy  to  that  of  the  light  under 
which  it  i"  grown.  The  work  was  done  with  great  care  and  spectro-phot<i»meter 
curveti  of  the  \  arious  pigments  were  compared  with  those  of  the  light  under  which 
they  made  their  appcamnce. 
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Tlic  phenomena  seem  to  be  related  to  the  colours  assumed  by  Wiener's  (18fto)  phoiochforid''e 
under  the  action  of  light  of  various  colours  ;  but  the  case  with  which  we  are  oonoerned  ahow% 
the  opDosite  effi^ct,  not  the  production  of  a  similar  colour.  The  production  of  a  fmbstanee 
of  a  c'llovir  similar  to  that  of  the  light  actinc  is  well  shown  by  StoKhe'-i  (1908)./'^^/tV^  « ;  orange 
light  produces  an  orange  dye,  blue  light»  a  blue  one.  Thus,  a  substance  is  formed  which  dws 
not  aMorb  the  light  acting,  io  that  no  further  ohanse  talm  place ;  although,  if  the  produe* 
Is  ).'xi)osc-(I  to  light  or  a  difte-rent  wave  length  from  that  ander  which  it  wm  produced,  furthv 
change  is  effected  siooe  the  light  is  absorb^ 

FACTORS  AFFECTING  PHOTOSYNTHESIS 

Temperature, — A  pure  photochemical  process  has  a  low  ttmperature  coettideat, 
like  that  of  physical  phenomena,  as  we  saw  above  (page  42).  The  photo-syntiieBiB  of 
carlxm  dioxide»lU>t  being  u  simj.lr  photo-chemical  process,  has  a  hiirh  one,  especially 
,  at  low  temperatures;  it  is  6  for  the  10°  between  -5°  and  +5°,  but  only  1-76 
between  20'  mid  30'.  Certain  "limitiru]!'  factoi*s,"  to  be  referred  to  l^elo'w,  cAm- 
plicattj  the  mea.surcinents,  so  that,  under  ordiuaiy  conditions,  the  rate  of  the 
readtioD  is  the  same  between  3*  and  30*. 

The  ooagolatioii  of  the  cbloroplast  by  beat  takes  place  at  a  lower  temperature 
than  that  of  protoplasm  in  graeral. 

A  high  temperature  coefficient  at  low  tennM  ratures,  altliongli  only  a  more  pronounced 
eflfoct  of  a  geneml  pbenoweaon  (see  page  42),  is  of  f request  occurreooe  io  complex  i^ynologicst 
proce— ea.  For  example*  that  of  the  geotro|rfo  reaotimi  it  6<6  for  the  interra!  fitmi  - 10*  to  0*. 

Atuxsthetics. — The  couipUx  aatui^e  of  tlie  pixKesf*  is  shown  by  the  fact  tlmt 
chloroform,  even  in  traces,  stops  it ;  0*002  c.c.  per  litre  of  air  suffices. 

ZAmiting  Faetor$. — ^The  importance  of  these  factors  as  regards  the  Telocity  of 
the  reaction  has  been  emphasise<l  by  Frost  Blackman  (1905).  Tliey  may  be 
temperature,  light,  or  access  of  carbon  dioxide.  It  will  V>e  clear  that,  if  the 
anioimt  of  eai  bon  dioxide  present  is  less  than  the  system  can  deal  with  under  a 
certain  intensity  of  illumination,  no  increase  in  rate  will  be  obtained  by  increasing 
the  Hghty  but  will  be  obtained  if  the  carbon  dioxide  is  increased.  This  is,  in  fsctf 
the  usuaJ  state  of  affiiirs.  Under  ordiniury  c<mditions  of  good  Illumination,  the 
leaf  can  deal  with  considerably  more  carbon  dioxide  than  'v^  able  to  <lifrii>e  to 
the  chloroplasts  through  the  stomata  and  intercellular  passages  ^see  itrowu  and 
Escombe,  1905). 

The  eflect  of  accumulation  of  sugar  is  to  cause  the  stomata  to  dose  and  cut  off 
the  supply  of  carbon  dioxide^ 

IHE  EFFICIENCY  OF  THE  CHLOKOPHYIaL  SYSTEM 

Brown  and  Escombe  (1905)  made  detenninations  of  this  value. 

First  of  all  we  reqnirf  \o  know  the  amount  of  energy  7i'^<'essar5'  to  convert 
1  c.c.  of  carljoii  tii<ixu!i  t  i  hexose.  "This  can  be  calculated  from  the  heat  of 
combustion  of  hexose,  aud  amounts  to  5'02  calories.  To  obtain  the  maximal 
efficiency,  it  is  necessary  to  take  account  of  the  feet  that  the  amount  of  light  can 
be  diminished  nearly  twelve  times  without  alfeeting  the  i  it<  uf  synthesis  with  the 
usual  carbon  dioxide  tension  of  the  atmosphere  (Brown  and  Escombe,  1905,  p.  86). 
Of  the  total  radiation  fallinj'  on  the  leaf,  6.5  to  78  per  cent,  is  retained  by  it ;  the 
rest  is  transmitted  or  imliated  to  the  surroundings.  The  greater  part  of  that 
retained  is  used  for  purposes  such  as  tran^iration,  that  is,  for  evaporation  of 
water.  To  find  out  how  much  is  actuallv  used  for  photo-synthesisy  Brown  and 
Escombe  compared  the  amount  absorbeci  by  the  white  and  green  parts  of  a 
varioi.rated  leaf.  In  a  pai-ticular  case  the  white  part  absorbed  71  5  per  cent,  and 
the  green,  78*7  per  cent.,  so  that  4*2  per  cent,  was  absorbed  by  the  chlorophyll- 
Now,  it  wa.s  found  that,  in  Tropaealum  majus^  a  total  amount  of  incident  hght 
equal  to  0*041  calorie  per  sq.  cm«  per  minute  caused  the  deeomposition  of 
O'OOOdi  O.C.  of  carbon  dioxide  per  sq.  cm.  per  minute.  Since  the  energy  stored  in 
the  con  version  of  1  c.c  of  carbon  dioxide  to  sugar  is  6*02  calories,  that  stored  in 
0-00O34  c.c.  is  (  )  (  »0034  +  5  02  0(»017  calorie  per  sq.  cm.  per  minute.  Thi^s  is 
eqnal  to  41  per  cent,  of  the  total  incident  ituiiation.  We  have  just  seen  tliat 
4  2  per  cent,  of  the  total  incident  radiation  is  absorbed  by  the  chloroplaiits,  so  that, 
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as  Weigert  ])oints  out  (1911,  p.  106),  we  obtain  the  astonishing  efficiency  of 
98  per  cent.  But  it  must  be  remembered  that  the  experiments  were  not  made 
on  the  flame  leaf  and  also,  aooording  to  Blackman,  the  position  and  distributioa  of 

the  chlorophyll  should  be  taken  into  account,  which  make  the  percentage  of 
incident  light  absorbt'il  In'  it  10  p'^r  rent,  instead  of  4-2  per  cent,  and  the  of^iciency 
nxluced  to  41  per  cent.  In  any  case,  the  maximum  efficiency  is  a  high  one  and 
is  only  obtained  under  exceptional  conditions.  It  is  usually  about  20  per  cent.  A 
valuable  eritifial  summary  of  work  done  on  chlorophyll  is  given  by  Jurgcnaen  and 
StUea  (1917). 

THE  ACTION  OF  VLTRA-YIOLET  UOHT 

The  greater  number  of  the  constituents  of  living  cells  are  colourless,  that  is, 
they  do  not  abiorb  lays  of  the  wave  length  of  viaiUe  light  Many  of  them,  however, 
absorb  ultra-violet  light  so  that  it  is  not  raipiiaing  to  find  that  ladiatioiis  of  this 
kind  have  a  v^  powerful  efibcst  on  living  cells  as  a  role. 

The  use  nf  the  absorbing  pot^-er  for  nltra-violet  of  some  constituents  of  living  polls  for  the 

Sorpoee  of  photographing  them  has  been  inferred  to  above  (page  9),  as  also  the  use  of  the 
Qoreioeaoe  saccitM  in  Aem  bj  oltia-violst  light  abBotbad. 

A  seriee  of  important  researches  on  ultnirviolet  light  is  at  present  being  carried 
on  by  Victor  Henri  with  several  (XMdjutors,  the  results  of  some  of  whidli  have 
been  published  (see  Mme.  V.  Henii,  Victor  Henri,  J.  Lugnier  des  Banods,  and 

B.  Wunnser,  1912). 

The  first  y>nrt  of  this  work  consisted  in  the  determination  of  the  wave  lengths 
of  the  light  emitted  by  ^a^ious  sources  of  ultra-violet  light  and  of  the  absorption  of 
screens.  Eor  the  purpose  of  investigation  it  is  clearly  useful  to  have  screens 
which  will  cut  off  ultea-violet  and  transmit  visible  light  and  others  which  will  cut 
off  the  visible  niv-  nnd  transmit  the  ultni-violet  rays.  The  most  useful  of  the 
former  was  found  to  be  "euphos"  glass,  which,  in  a  thickness  of  0*75  mm.,  cuts  off 
very  little  of  the  visible  spectrum,  but  only  allows  a  very  small  amount  of  ultra- 
violet to  pass.  For  the  latter  purpose,  a  colloidal  solution  of  alver,  prepared  by 
the  ^ectrolytie  method,  is  valuable.  In  a  thickness  of  20  mm.,  thu  allows  no 
visible  rays  to  pass,  but  is  fairly  transparent  to  idtra- violet,  even  waves  as  short  as 
219  /x^are  slightly  transmitted.  Tn  10  mm.  thic  kness,  altont  6  per  cent,  of  the 
red,  yellow,  and  green  rays  pass,  but  as  much  as  30  per  cent,  of  the  ultra-violet,  in 
its  middle  region.  Lehiuaun's  (1910)  mtxiification  of  Wood's  filter  is  much  used. 
This  consists  of  a  double  cell  of  Jena  **uviol"  glass,  of  2  mm.  thickness,  that  is, 
6  inm.  of  the  glass  in  all.  The  depth  of  each  cliamber  is  5  mm.  One  is  filled  with 
satunitofl  copper  siil])liate,  the  other  with  a  solution  of  nitroso-diinrthvlanilinc  in  a 
strcii'^th  of  one  part  in  12,()'H).  The  filament  of  an  incandescent  lamp  is  just 
visible  through  it,  while  it  transmits  a  considerable  amount  of  ultm-violet. 

The  absOTptioD  of  egg-  and  serum-albumin  was  next  studied.  In  the  former 
the  absorption  is  feeble  for  rays  longer  than  300  /x/x,  increases  to  a  maximtim 
absorption  band  at  280  /*/*,  has  a  minimum  again  at  250  /u/i,  and  then  rist^  ni^ain  ; 
so  that,  for  the  extreme  idtm-violet,  the  extinction  coefficient  exc^Mvls'  l.Oofi.  It 
may  be  noted  that  the  mercury  arc  in  a  quartz  tulje  scuds  out  rays,  of  moderate 
intensity,  as  short  as  220  fi/x,  for  which  the  absorption  coefficient  of  albumin  is 
over  1,000,  and  intense  rays  as  far  as  238  /z/x,  for  whioh  the  absorption  coefficient 
is  nearly  200,  so  that  it  is  not  surprising  that  protoplasm  is  very  sensitive  to  the 
extreme  ultra  viol r  t   f  this  lamp,  as  we  shall  see. 

Tt  has  Ion  J,'  Ix'en  known  that  various  small  animals,  siich  as  those  tiny  Crustacea 
found  in  fresh  water,  flee  from  places  illuminated  by  ultiu-violet  Hght,  and  Mme. 
V,  Henri  and  Victor  Henri  (1912,  pp.  12-21)  have  found  that  Cyclops  is  very 
useful  for  experiment.  If  it  be  illuminated  for  two  to  five  minutes  with  the 
quartz  mercury  arc,  it  first  shows  great  agitation,  then  becomes  immobile.  In 
this  state,  if  kept  in  the  dark,  it  remains  for  some  hours  motionless,  but  \ery 
sensitive  to  renewed  illumination,  to  which  it  responds  by  a  vigorous  moveraent. 
It  is  thus  easy  to  make  exact  measurements  with  it.  After  a  day  in  water,  it  has 
become  normk  again.  ^ 

A  certain  Tniwiiwm.1  dtiration  of  illumination  is  neoessaiy  for  a  reaction  to 
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take  place.  This  duration  is  less,  the  gi-eatt'i  the  proportion  of  ultra-violet  u» 
the  light.  Thus,  through  a  quartz  screen,  the  time  is  about  two  seconds ;  through 
10  mm.  of  colloidal  silver  it  is  only  increased  to  twenty-five  seo>iRis,  although  the 
ii!tt-ri  violet  is  much  diminished  by  the  screen;  through  **euphos"  glass*  no  reactkn 
was  producerl  in  200  seconds. 

There  is  also  a  minimum  intensity  of  illumination  below  wliich  no  I'eaction  is 
obtained  however  long  the  exposure.  There  is  also  a  certain  intensity  of  illumina- 
tion at  which  the  necessary  time  of  exposure  is  the  dhortest,  an  intensity  greater 
or  less  than  this  requiring  a  longer  time. 

It  is  intprt*stin«j  to  note  that  there  is  also  a  phenomt'Ti* »!i  <>f  'cutnmntion  >•{ 
snb-iniiiimal  stimuli,  repeated  at  intervals,  similar  to  that  which  we  have  seen  m 
spinal  reflexes. 

A  remarkable  fiset  b  that  the  exdtability  to  ultra*Yiolet  ravs  is  ifidepmiind  of 

ien^»erature,  a  fact  which  shows  that  the  exciting  cause  of  the  refl»  movement 

is  a  photo-chemical  reaction,  whose  products,  no  doubt,  excite  receptors  of  some 
kind  in  the  outer  surface  of  the  animal.    These  receptors  then  excite  nerve  endings 

Fatigue  can  be  prtKiuced  to  ultra-violet  light  in  Cyclops  by  very  short  duration 
of  rsdiatioDf  if  the  peripheral  receptors  have  been  modified  by  prolonged  pre^iou^ 
radiation  or  by  cocaine^  but  not  if  the  anaasthesia  is  of  central  origin,  by  ether,  for 
example.  In  this  latter  case,  the  peripheral  organs  are  left  intact.  These  facts  shov 
that  the  reaction  studied  is  really  due  to  photo-chemical  changes  at  the  periphery. 

Since  the  absorhing  power  of  protoplasm  is  ver\*  great,  especially  for  the 
shorter  wave  lengths  of  ultra-violet,  the  effect  can  penetrate  for  only  a  short 
distance.  In  such  small  oi^^sms  as  baeteria»  however,  it  may  afifect  the  whole 
organism,  so  that  the  action,  which  is  a  lethal  one  in  such  cases,  obeys  the  law> 
of  photo-cheniieal  reactions.  Tn  larger  organisms,  we  liave  to  Ljike  account  of 
the  diffiision  of  the  products  of  photo-chemical  change,  and  their  action  at  }>bm 
remote  fixim  that  where  they  are  formed.  The  laws  are,  therefore,  more  complex, 
and  the  eiects  last  longer  tram  the  actual  exposure. 

The  following  table  (from  Victor  Henri,  etc.,  1912,  p.  33)  gives  the  thickness 
of  a  layer  of  protoplasm  which  reduces  ultra-Wolet  light  of  different  wave  lengths 
to  one>tenth  its  value,  or  absorbs  nine-tenths  of  it. 

W»v«  Length  IhiokoeM  of  ProtA- 

ill  /ift,  pUsm  in  0^ 

240-5  .  -  •  -79 

238-5  •         •         •  '59 

231*3  -        -        *        -  18 

226-5  ....  9 

219-5  ....  6 

214^4  •        -        -        -  8*8 

AeHon  on  Saettrw,  TUnui,  0te,~-An  important  practical  question  is  that  of  the 

letluil  action  of  ultra-violet  lig^t  on  mici-o-organisms,  since  it  has  l>t'en  used  for 
sterilisation  of  water.  Equally  important  is  1*^^  rl-  -,trnptive  effect  on  the  tissues  of 
higher  animals,  as  used  in  the  therapeutic  metiioci  of  i  iiisen, 

Hertel  (1905)  has  studied  in  .some  detail  the  eli'eot  of  the  magnesium  line  of 
280  /xfi  on  bacteria,  protosoai  and  some  toxins,  etc.  Bacteria  were  found  to  be 
killed  in  from  fifteen  to  sixty-five  seconds.  Hime.  V.  Henri  and  V.  Henri  (1912, 
pp.  29-31)  find  that  there  is  no  particular  wave  length  which  is  specially  letlial,  but 
that  the  cftW^t  increases  more  utxl  more  the  shorter  the  wave  length,  as  far  fis 
te&ted,  that  is,  up  to  214  /i/tt.  Pnjtozoa  are  killed  in  about  the  same  time  as  bactenm 
according  to  Hertel.  The  bodv  swells,  watery  drops  appear  on  the  surface,  and  finally 
disintegration  occurs.  KotiKrs,  nematodes,  and  molluscs  are  also  killed.  On  tm 
tadpole,  the  effect  is  swelling  of  the  epithelium,  followed  by  migratkm  of  pigment 
and  nuclear  divitjinn,  t<\!,'ether  with  stasis  of  bli  »od  in  the  eapillarie??.  On  tlie  oflU 
of  Ekxiea,  slowing  of  the  protoplasmic  movement  was  noted,  which  was  much  less 
if  illuminittcd  by  ordinary  light  at  the  saiue  tiuie.  A  longer  exposure  is  recjuind 
for  tissue  cells  than  for  bacteria. 

Dif^theria  toxin  was  destroyed  in  five  minutes,  but  the  antitoxin  was  not 
destroyed  in  thirty  minutes.    Various  enzymes  were  also  rendere<l  inactive. 

Hertel  r^aids  the  efiect  as  due  to  reduction  prooesses  for  three  reasons 
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1.  The  effect  is  less  in  the  gi-eeu  Uydra  thau  iu  tlie  colourless  one,  presumably 
lue  to  the  oxygen  affi)rded  by  chlorophylL 
3.  Oij^tMunoglobin  is  reduced. 

3.  If  alizarin  blue  IB  injected  into  the  veins  of  a  rabbit,  the  brain  is  blue,  but, 
if  acted  «*m  K\  ultra-violet  Hsrlit,  the  dye  is  re^ltioetl  to  its  colourless  derivativr. 

An  imorestiiig  point  is  that,  if  rays  of  equal  enertr^'  (as  measured  l)v  the 
thermopile)  are  taken,  one  of  440  fi/x,  the  other  of  280  /x/x,  Hertel  found  that 
rotifers  are  killed  fay  the  short  waves  in  fifteen  seconds,  by  the  long  waves  only 
>k£ter  four  or  five  hours.  This  fact  shows  strikingly  that  it  is  not  a  question 
n)ei*el\-  of  enenr}',  but  of  the  actual  wave  length,  no  doubt  because  the  short  waves 
are  alisorbeti  by  the  protoplasm. 

We  have  seen  how  large  a  numijcr  of  photo-chemical  reactions  are  brought 
aboat  by  uhrft-violet  light,  so  that  we  may  expect  to  find  it  active  also  on 
protoplafflnic  systems.  But  the  nature  of  these  reactions  in  the  latter  case  is  still 
unexplained.  One  of  the  great  difficulties  in  the  therapeutic  application  of  ultra- 
violet rays  to  stop  tlie  growth  of  malignant  cells  is  the  ven'  rapid  absorption  by 
the  superficial  cells,  so  that  the  active  rays  do  not  penetr<it«  more  than  a  short 
riistance.  Considerable  succc^  has  attended  the  treatment  of  superficial  skin 
growth,  such  as  lupus,  by  ultra-violet  light.  Since  hsemoglobin  has  so  active  an 
ihsoqition  for  ultra-violet  (see  especially  the  data  of  Victor  Henri,  etc.,  1912), 
Finsen  (1901,  p.  70)  uses  a  method  of  compressing  the  blood  out  of  the  area  of 
tissue  to  be  actts^l  on  bv  light. 

The  great  effect  of  ultra-violet  light  on  the  skin  is  familiar  to  every  one  in  the 
inflammation  (eiynhema  solare)  called  stmfttim,  which  results  in  a  brown  coloration. 
It  may  be  pointed  out  that  this  is  not  an  effect  of  heat,  in  fact  it  is  more  liable  to 
occur  in  cold  surroundings,  probably  owing  in  part  to  the  fact  that  the  heat  of  the 
sun's  rays  is  not  notices!  and  no  means  taken  to  protect  the  skin  from  their  action. 
It  is,  no  doubt,  due  to  the  products  of  some  photo-ihemical  retietion,  acting  on  the 
arterioles,  and  it  would  be  interesting  to  know  whether,  like  the  effect  of  oil  ol 
mustard,  it  is  an  axon  reflex  in  sensory  nerve  fibres. 

The  Eye-Media, — Of  course,  if  the  eye  is  exposed  to  ultra-violet  light,  severe 
conjunctivitis  is  (>ansed  Workers  in  this  light  have  to  wear  spectacles  impei-nienble 
to  the  short  waves  and  frequently  also  to  protect  all  parts  of  the  skin  expotied. 
This  is  especially  so  in  electric  welding,  since  the  arc  spectrum  of  iron  is  very*  rich 
in  ultra-violet  Imes.  &  K.  Martin  (1912)  finds  that  the  cornea  abeorbs  all  rays 
shorter  than  295  fift.  The  lens  is  thus  protected  from  the  most  active  rays, 
ilthough  it  is  capablt^  r)f  nbsorbing  rays  between  300  antl  400  /z/z,  which  might  affect 
it  and  «iuse  opacity  (cataract),  unlt'ss  kept  back  by  a  screen  out??ide.  It  was  found, 
iiuwever,  that  while  the  mercury'  urc  caused  conjunctivitis,  no  change  iu  the  lens 
sould  be  detected. 

ffaUuHiuM  B0ket. — There  is  one  further  effect  of  ultra-violet  light  of  tli  .  retic 
interest  in  conne<"tion  with  the  nature  of  photo-chemical  change.  Hallwaclis 
'1S88)  noticed  that  a  negatively  charge*!  insulated  metal,  such  as  a  gold  leaf  electt*o- 
meter,  loses  its  charge  when  illuminated  with  ultra-violet  light.  This  app<?ars  to 
be  a  case  analogous  to  those  in  which  light  enei  gy  is  stored,  since  the  light  energy 
is  changed  into  the  kinetic  energy  of  moving  electrons,  shot  from  the  metaL 

PHOTaDYNAMIC  SENSITISATION- 

Althougii  uicra-nolet  light  has  so  much  more  action  on  protoplasm  than  visible 
light  has,  it  has  been  found  by  several  observers  that  light  which  has  no  action  by 
itself  on  infusoria*  bacteria,  or  blood  produces  tlu-  (effect  of  tdtra-violet  light  when 
certain  dyestuffs  are  present.  Although  the  dyes  used  were,  for  the  most  part, 
Hnore<^ent,  this  do<>s  not  seem  t«>  }m'  an  essential  t'aetoi-.  For  a  eoraplf't*^  account 
of  the  work,  the  reader  is  referred  to  the  monograph  by  Tappeiner  and  Jodlbauer 
(1 907).  The  general  nature  of  tiie  phenomenon  wul  be  clear  from  the  few  remarks 
following.  Hertel  (1905)  exposed  certain  bacteria  to  light  of  448  fi^  This  had 
no  effect  on  them,  either  with  or  without  the  presence  of  easin,  1  part  in  1,200. 
£iosin  has  no  absorption  band  in  this  position.    Ultra-violet  light  of  2S0  /«/a  killed 
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them  in  sixty  seconds,  without  eosin.  A  third  experiment  consisted  in  taking  light 
of  518  /x/i,  that  !&»  in  the  position  of  the  absorption  band  of  eoon,  and  making  it  of 
about  the  same  energy  as  that  of  the  ultra-violet  light  preN-iously  tised.  Alone, 
this  lifjht  had  no  effcnit,  as  would  V»o  expected,  siruf  it  has  a  longer  wave  It  n^'tli 
than  that  fouiid  inffl'cctive  in  the  first  experiment.  On  thf»  other  hand,  in  the 
presence  of  t?osin,  which  has  no  action  in  itself,  as  the  first  experiment  showed,  the 
bactnia  were  killed  in  sev«ity  to  ninety  aeoooda.  It  appeals  that  the  aetion  el'IkB 
eoein  is  to  be  compared  to  that  of  an  optical  sensitiaer.  TheaboTe  nemHitf^f 
be  put  in  a  table  as  follows : — 


Wave  Length  in  ^ 

WifchEotin. 

Without  £omL 

518  (eo«io  absorption  band) 

448  

280   

Dead  in  <ieveni  v  to  ninety  eaeondi 

Nothing  iu  luii:  an  hour 

No  ohaage  in  half  aa  IMV 
Do. 

Dead  in  one  rainnta 

Since  chlorophyll  is  so  active  as  an  optical  seositisa',  it  has  a  very  poimiid 

"photo dynamic "  action. 

The  explanation  of  the  piienumenou  seems  tu  ot  the  name  naturx'  as  ibe 
similar  one  in  the  case  of  the  photographic  plate.  The  dye  is  adsorbtxi  ou  the 
sui&oe  of  the  oiganisms  and  the  efot  is  probably  produced  by  an  aetivatktt  «f 
oxyg^  or  perhaps  by  a  product  of  the  oxidation  of  the  dye^  since  it  requires  4a 
presence  of  oxygen  for  the  phenomenon  to  occur. 

An  interesting;  experiment  by  Victor  Henri,  etc.  (191*2,  p.  2Si,  with  colloidal  -iflpninra 
throws  Ugh  I  un  ihe  quesUun.  The  solution  was  fluorescent,  but  it  had  no  effect  in  the  dark, 
on  certain  protozoa.  Under  the  ultra-microscope,  it  was  seen  to  be  a  euapens^ioo  of  very 
minute  particles.  A  certain  number  of  the  orgiiiiisraa  tr>ok  up  these  particles  into  va.~tu>lpo, 
wht'ie  they  aggregated  into  small  masses.  Uii  exposure  to  light,  it  was  found  that  onlv 
thMe  organisms  which  had  taken  up  the  colloid  were  affected,  thus  showing  the  necessit\  of 
close  contact  and  indicating  a  photo-chemical  reaction,  although  not  of  the  nature  of  tha 
formation  of  a  product  M  hich  could  act  indepeadenttv  of  the  Ught.  If  this  had  been  the  ca«e, 
those  organisms  which  had  not  taken  «p  the  eoUoid  wolild  have  been  afleeted  by  the  prodnol 
diSttung  from  the  oiber«. 

EFFECT  OF  LIGHT  ON  GROWTH 

Tlie  lethal  effect  of  light  on  bacteria  was  first  described  by  Marshall  Ward 
(1892),  who  did  not  recognise  it  as  an  effect  of  the  ultra-violet  rays. 

There  are  other  cases  where  light  is  known  to  have  a  retarding  actum  on  Uie 
growth  of  plants.    Fungi,  for  example,  grow  more  rapidly  in  the  night  than  in  the 

t1;»v  time.  The  ]ihenomena  <if  lirlii »tiupic  rttrvntiirp,  in  its  prmianent  stage, 
are  due  to  diminution  of  the  rale  ot  j^rowtli  in  the  places  expi>is©d  to  light.  The 
first  effect  of  light,  however,  as  we  have  seen  (i»age  120),  is  due  to  change  of 
turgor,  so  that  it  is  interesting  to  eacamine  for  a  moment  the  effects  of  ligiit  on 
the  permsahUUy  of  the  cell  meinbruke.  Trondle  (1910)  showed  tbst  the  ressK 
depends  on  the  intensity  cf  the  li^ht,  a  weak  li>;ht  mnsinjr  diminution;  a  moderate 
one,  increase  ;  a  very  stn.ni.'  one,  diminution  apiin.  The.se  etVeets  on  pennM.-jl.iHty 
correspond  to  those  on  heliotropic  curvature,  so  that  the  conclusion  seems  justiiied 
that  we  have  to  deal,  in  the  primary  stage  of  the  latter,  with  changes  in  perme- 
ability. V.  H.  Blackman  (1914)  has  investigatetl  the  action  of  Hght  on  the  pep> 
nieability  of  the  excitable  structures  of  the  sensitiNe  j'lant.  The  method  used  WM 
that  of  the  changes  in  its  eleotriral  condticti\  ity.  The  intrre^.tin^r  result  was 
obtained,  that  during  illumination  an  increased  permeability  exist«l,  and  that  the 
first  effect  of  cutting  off  the  light  was  a  further  increase,  after  which  the  normal 
state  returned.  AV^hether  this  result  has  way  relation  to  the  similar  one  in  the 
electric  resjK»nse  <»t  ^   n  tina  cannot  as  yet  l>e  stated. 

Trnndle  holds  llmt  the  effect  of  light  on  permeability  is  a  complex  one, 
depending  on  a  photo-chemical  ehauge  in  the  membrane,  togt^'ther  w*ith  n'aetiAns 
on  the  piut  of  the  cell  itself.  Its  use  may  be  to  facilitate  the  escape  of  assimilation 
products. 
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Fn;.  181.  Chromath  ai>A!  tation. — Small  Hat-fish  {RhonihoifUcfifhyA  /toduM),  photogrnphed 
on  ground  of  natural  conipoaition,  gravel  and  sand  of  variotis  degrees  of  coarseness.  It 
18  to  l>e  note<l  that  the  fi^'h  is  completely  uncovered,  although  appearing  to  lie  under 
gravel,  etc.  \Sumner,  IKll.) 

(Reprotlucetl  by  the  kindness  of  Dr  Sumner.) 
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Fit;.  1S2.  Similar  views  t<i  those  of  the  precetlin^'  figure,  on  backgrounds  of  regular  black  and 
white  iMitterns*.  The  inntation  of  the  snuiller  pattern  i«  Ijetter  than  that  of  the  larger 
one.  In  the  latter  cases,  although  there  are  large  patches  of  black  and  white  on  thtf 
fish,  their  shapes  do  not  very  closely  correRi>ond  with  thot*e  of  the  iMickground  :  there 
is,  however,  a  distinct  indication  of  s<|Uare  or  circular  areas,  respectively. 

(Sumner,  1911.) 
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THE  PHOTOCHEMISTRY  OF  THE  RETINA 

It  may  be  useful  to  refer  back  for  a  moment  to  the  applicatkm  of  photo- 
chemical facts  to  the  retinal  process.  There  seems  no  doubt  that  the  visual 
purple  is  an  optical  sensitiser ;  it  is  bleached  by  light  as  these  are ;  and  it  ahs.  >rl>s 
nearly  the  whole  length  of  the  visilile  s}>(ctmm.  Whether  the  proclnrts  of  its 
change  are  themselves  ca|»al)le  of  stiiiiulatiuL,'  the  hglit-rece}>tuis,  or  whetlier  they 
act  catalyticaUy  in  bringing  about  other  changes  in  these  receptors,  is  uuknoNvu. 
It  seems  clear  also  that  the  peculiar  fonn  of  the  rods  and  cones  must  hare  some 
significance,  but  the  difficulty  of  the  problem  is  obvious^  and  in  the  present  jrt^te 
of  knowledge^  speculation  is  of  little  use. 

THE  "CHROMATIC  FUNCTION" 

The  power  which  certain  animals  have  of  modifying  the  colour  of  their  skins 
to  match  that  of  their  surrounchngs  is  well  known.  ITie  case  of  the  chameleon  is 
often  <]not^(l.  The  manner  in  which  it  is  effected  is  by  the  contraction  or 
expansion  of  pigment  cells  of  various  colours  in  the  skin.  To  this  is  sometimes 
added  the  iridescence  due  to  interference  of  waves  by  means  of  a  layer  of  fine 
crystalline  structure.  The  work  of  BrUcke  (1851)  on  the  duimeleon  was,  after 
h'lt  of  Pouchet  (1848),  the  first  eacperimental  investigation  of  the  question. 
r->u<  liet's  work  was  on  the  frog  ;ni<1  fish,  and  he  introduced  the  name  "chromatic 
l  unetion''  to  express  the  depeiitlence  <»f  tlie  adaptation  on  tlie  nervous  system, 
ihrough  the  eye.  Biedermann  (16yj)  devoted  much  attention  to  the  phenomena 
in  the  frog.  Xlte  slcin  epithelium  cells  of  this  animal  contain  yellow  granules  and 
a  deeper  layer  of  crvsttuline  particles,  which  show  interference  colours.  &i  the 
subjacent  corium,  there  are  a  set  of  blaek  pigment  cells.  The  sciatic  nen*e 
contains  motor  fibres  for  the  latter  cells  and  the  chief  centre  appears  to  l>e  in  the 
optic  lobes  with  subsidiary  centres  in  the  spinal  cord.  There  is  also  a  nerve  supply 
to  the  chromatophores,  by  nerves  accompanying  the  blood  vessels*  In  the  fn)g, 
the  receptors  for  the  reflex  arc  are  in  the  skin,  chiefly  that  of  the  discs  of  the  toes. 
Theee  are  affected  by  the  difierent  qualities  of  the  surfaces,  whioh,  in  the  habitual 
<^rirroundings  of  the  animal,  are  associated  with  definite  colours,  such  as  stone,  grass, 
♦•tc.  When  tlie  toes  are  made  anaesthetic,  all  colour  adaptation  disappeai's.  The 
eyes  play  no  part  in  the  phenomenon.  On  the  other  hand,  the  adaptation  to  details, 
investigated  by  Sumner  (1911)  in  JRhomboidickthys  podasj  a  small  flat'fisb,  allied 
to  the  turW)t,  are  effectetl  by  means  of  eye  receptors.  The  photogi-aphs  in  Figs.  181 
and  182  will  give  an  idea  of  the  range  of  tlie  adjustment.  It  is  to  be  remembered 
that  in  reality  the  adaptation  is  more  perfect  than  the  monochrome  repixxluction 
indicates,  since  it  toi»k  place  to  varjing  shades  of  bnjwn,  as  well  as  to  black  and 
white.  The  change,  when  removed  to  a  different  background,  was^  in  some  cases, 
obvious  after  a  f^w  seconds.  When  the  fish  were  made  blind,  the  chromatophores 
went  into  their  state  of  rest  and  no  further  adaptive  reaction  was  possible; 

The  use  of  tliis  mechanism  to  its  posse«!<;or  sf^enis  to  })e  twofold.  The  animal  is 
rendered  invisible  both  to  its  euemi^  and  also  to  the  smaller  tish  which  serve  as 
its  prey. 

KABIO-ACnVE  PHENOMENA 

Although  the  effects  of  radium  and  similar  elements  which  give  off  charged 
particles,  are  not»  strictly  speaking,  those  of  light,  they  may  for  oonvenienoe 
be  mentioned  here. 

It  was  shown  by  Hardy  that  the  negatively  chari^td  /^-particles  of  radium 
produce  coagulation  of  oppositely  charged  colloids,  and  the  effect  appears  to  be  an 
electrical  one. 

The  ^fects  produced  by  radium  on  living  tissues  are  very  similar  to  those  of 
intense  ultra-violet  light,  but  more  powerful   They  have  been  used  in  therapeuties 

ft»r  similar  purposes.  The  expk^tion  of  their  action  is  not  yet  clear.  The 
advantage  of  radium  as  regarth  ea<5P  of  application  to  the  spot  ref|nirpd  is  obvious, 
l^^or  f urthw  information  on  the  extremely  interesting  phenomena  of  radio-activity, 
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the  reader  is  referred  to  the  books  by  Rutherford  (1913)  and  br  Soddy  (Idll, 
1914),  and,  as  regards  its  action  on  living  tissuesy  to  that  by  Finxi  (1914). 

X-KATS 

The  X-rays  of  BOntgen,  in  their  effect  on  cells,  are  also  similar  to  those  oi 
ultra>Tiolet  light,  but  the  destructive  effect  continues  for  a  long  Ume  and  doei 
not  appear  at  once  in  its  full  magnitude.    The  results  of  repeated  exposure  an 

very  seriotif;,  since  the  n^v^  penetmte  to  deep  tissues  and  ;ire  able  to  produce 
degeneratidu  of  the  soiiuiuteroiis  cells  of  the  testis,  for  examjile.  This  fact  oi 
relatively  Blight  alisorption  by  tbisucs,  other  than  bone  or  cei-tain  metallic  salts, 
has  made  the  use  of  X-ms  very  valuable  in  discovering  the  nature  of  displacement 
of  bone,  and  so  on.  We  have  also  seen  their  application  to  the  study  of  the 
movements  of  the  alimentary  canal. 

As  to  the  nature  of  X-rays,  the  view  is  now  ^nemlly  lield  tliat  ihey  are 
similar  to  light  waves,  electixMnagnetic,  but  of  a  very  short  wave  length,  0*1  to 
10  fc/t. 

Farther  informatloa  miiay  be  obtained  from  the  book  by  Eaye  (1914). 

PHOTOGRAPHY  IN  PHYSIOIXWY 

Tlie  use  of  photographic  methods  of  leeording  phenomena  has  been  described 
above  (paije  460),  We  may  add  here  the  photography  of  absorption  spectra. 
It  is  plain  that  plates  sensitive  to  the  wnole  of  the  visible  spectrum  are 
naOBBS&ry.  Wratteai's  "  Fanduromatic "  will  Ix-  found  suitable,  especially  in  the 
fine-grained  variety  known  as  "M"  plates.  These  are  prepared  especially  for 
the  phot/^p^phy  of  objects  undei-  the  microscope.  The  kind  of  negative  usually 
required  is  not  identical  with  that  of  landscape  photography ;  for  convenience  of 
repixxiuction,  a  "  hard  negative  "  generally  serves  best.  The  developer  used  by 
WUktttttor  and  Stoll  (1913)  will  be  found  excellent  for  such  purposes.  It  is  mads 
thus:  Solution  I.,  600  cc:  distilled  water,  60  g.  crystallised  sodium  sulphite, 
5  j^.  liytlroquinone,  1  p:.  mctol.  Solution  II.,  '00  c.c.  distilled  water,  50  g. 
potassium  carl>onat<*.  For  use,  mix  30  c.c,  of  each  with  60  cc.  of  water  (120  c.c. 
together)  and  develop  for  three  minutes  at  18*  to  20'  in  darkness  and  fix  in  acid 
bath. 

The  methods  of  direct  colour  photography,  such  as  Lnroi^re's  "autochrome*  pro- 
cess, have  been  used  to  prepare  some  beautiful  photographs  of  stain*- 1  niicro??co|»c 
preparations.    Hartridge's  safe-light  (1915)  is  made  on  physiological  principles. 

SUMMARY 

Thr  (h'pendence  of  life  on  the  receipt  of  radiant  eneriry  from  the  sun  makes  it 
of  importance  to  understand  how  thii*  energy  can  be  converted  into  fonns  useful 
to  the  organism  without  the  necessity  of  passing  through  the  state  of  heat,  in 
which  a  considerable  part  of  the  free  energy  would  be  lost. 

The  manner  in  whidi  this  is  done  is  bv  conversion  directly  into  (diemiost 
energy  by  means  of  what  are  known  as  photoohemical  reacticns. 

These  reactions  are  also  of  importance  and  interest  with  relation  to  the 
receptor  organs  for  light  impresrions. 

Light  cannot  act  unlt^  it  is  absorbed  (Grattlms  s  law).  The  amount  absorbed 
by  a  medium  of  various  thicknesses  is  regulated  by  Lambert's  bw,  which  stata 
that  it  is  a  logarithmic  function  of  the  thickness. 

The  "extinction  coefficient"  is  the  most  useful  form  in  which  the  absorptioD 
power  of  a  |mrticular  solution  is  expresaed.    The  extinction  coefficient  is  the 

negative  logarithm  of  tlie  light  which  hjis  pa«iscd  nnabsorbed  through  a  thiektic^s 
f»f  1  cm.  It  is  (litVt  icjit  for  difterent  wave  len^tii.^.  This  is  the  form  in 
which  it  is  most  convenient  tor  practical  use,  but  the  original  definition  made  it 
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he  reciprocal  of  the  thickness  of  the  medium  which  suOiced  to  reduce  of  a 
•articular  wav(>  length  to  one  U>nth  of  its  value.  Th<>  niantH  r  in  which  it  is 
lerived  from  Jjauibort's  and  iieer's  laws  and  its  application  to  spectro-pltotometiy 
re  described  in  the  text. 

The  phenomena  of  rettoiiance  play  a  large  part  in  the  meclianism  of  photo- 
hemical  reactions.  If  the  vibration  peood  of  a  molecule  coincides  with  that  ol 
ny  of  the  light  waves  falling  upon  it,  the  mole<^^u]<  vill  })o  set  into  resonant 
gibition  by  means  of  the  light  enert^'  ab8orl>ed.  This  vibration  usually  leads  to 
heniical  i-han^'e.  Luther's  the<iry  of  the  mechanism  of  the  resonance  process  and 
ts  conseijuence  Is  given  in  the  text. 

Photo-chemical  reactions  do  not  obey  the  law  of  ma&s  actn  Ti,  1  nvause  their  rat© 
3  controlled  by  the  amount  of  light  energy  ai).s<»rbe<l  per  unit  tjin- 

In  order  to  set  a  photo-chemicai  reaction  in  train,  a  certiiin  amount  of  light 
nergy  is  absorbed,  so  uiat  the  first  stage  is  always  associated  wHh  the  taking  up 
f  eneigy.  The  later  stages  may  be  either  similar  to  that  of  the  chlorophyll 
ystem,  in  which  the  contUiuanee  <if  the  reaction  depends  on  a  continual  supply  of 

Ight  energy  and  results  in  a  storage  of^ energy,  or  tho  reaction  may  lie  oru'  w  hicli 
•roctieds  of  itself  with  evolution  of  energ}%  hut  is  accelerated  ny  means  ot  a 
atalyst  produced  by  light.  The  catalyst  may  disappear  in  the  reaction  it.Ni  U  and 
equire  to 'be  formed  by  the  continual  action  of  light,  as  in  the  case  of  hydrogen 
nd  chlorine.  Or  it  may  be  in  f  t-  i»r  less  permanent  ami  continue*  to  jw  t  after  the 
ight  is  removed.  Another  cla.s.s  of  reactions  i.s  that  of  the  coupled  I'eactions,  in 
•'  hieh  the  products  of  the  light  reaction  arc  used  up  at  once  in  another  reaction 
/ith  loss  of  energy. 

Optical  sensitizers  Ixjlong  to  the  class  of  catalytic  light  reactions.  A  system, 
useusitive  to  light  of  a  particular  wave  length,  can  bo  made  sensitive  to  it  if  a  dye 
16  present  which  absorbs  this  wave  length.  Since  the  light  is  absorbed  \pj  the 
ensitiser,  it  must  act  by  means  of  the  changes  produced  in  this,  resulting  in  the 

irmatton  of  some  substance,  frequently  active  oxj^gen,  or  some  catalyst,  which 
cts,  on  the  system  which  is  hy  itself  iii-si^nsitive  to  the  particular  light  in  question. 

The  Bunsen  Tlose<x^  law  8t*itr>s  that  the  product  of  the  intensity  of  the  li<;ht 
nd  its  time  of  action  productts  a  coiistiknt  effect,  so  tluit  int(;n.<}ity  and  titii(>  of 
ction  can  mutually  make  up  for  each  other.  This  law  is  rcplaoExl  by  an  ex- 
lonential  ratio  when  a  photogniphi<;  jilate  is  developed  after  exposure.  This  foct 
e<^;ms  to  depend  on  the  intervention  of  an  adsorption  phenomenon  in  the  process 
I  development. 

The  phenomena  of  fluorescence  and  phosphorescence  are  shown  to  be,  proliably, 
ases  r>f  photo-chemical  reactions  with  storage  of  light  energy,  which  is  given  oif 

Ifain  afterwanls. 

Clienii  luminescence  is  the  name  appHe<l  to  the  emission  of  light  in  a  ren  t  ion 
t  a  tomperature  much  below  that  cori-esjjonding  to  the  wavelength  of  the  light 
liven  oif,  if  the  system  had  merely  been  raised  in  tein|K>mtnre  by  the  application 
1  heat.  It  consists  in  the  direct  conversion  of  chemical  energy  into  light,  without 
uLssing  through  heat,  and  is  the  converse  of  those  photo-chemical  reiurtions  in  which 
energy  is  converted  directly  into  chemical  energy,  as  in  the  chlorophyll 
y.stem  of  the  green  le»if. 

Tlie  reactions  hn Might  alx)ut  by  the  chioroplasts  of  the  green  leaf  result  in  the 
toiiige  of  a  large  amount  of  energy  derived  from  the  sun.  Cuihun  dioxide  and 
vater  are  chan^sd  into  starch  and  oxygen. 

Although  the  presence  of  the  pigment  chlorophyll  is  indispensable  for  the 
Kcurrence  of  the  reaction,  owing  to  its  absorption  of  the  light  energy,  there  is  no 
atislactoiy  evidence  to  show  that  carbon  dioxide  can  be  reduced  fay  the  pigment 

done. 

Chloropliyll  is  the  ester  of  a  coniplex  acid,  consisting  of  pyrrol  ilcrivuf i\«'s 
inki^l  to  magnesium.  This  acid  is  combined  with  a  moiiatomic  hy<irocarUju 
iloohol,  phytol,  with  twenty  carbon  atoms. 

»9 
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Thei*e  are  two  forms  of  chlorophyll  in  tho  loaf,  one  a  pro<luct  of  oxi«latM>o 
of  the  other.  Thtm*  uro  jiceomjmniwi  hy  two  yellow  pigments  carotin  and 
xanthopliyll,  unsaturutod  and  autoxidisablo  hydroau'bon&  These  latter  MW  ncA 
rdated  to  diolestero]. 

The  relation  between  chloix^phyll  and  lioemoglohin  is  described  in  the  text. 

The  abiiurptioii  of  H£,^ht  by  ehloi-ophyll  is  <  liiefly  in  tho  reti  and  is  in  the 
position  of  the  nuixiimiia  energy  of  the  solar  spectruni  during  the  greater  paot  uf 
the  day. 

Tho  maximum  action  of  cldorophyll  is  in  liglit  of  a  wave  length  correspcmding 
to  that  of  its  abflorptioik  banfla. 

There  is  reason  to  supjK>se  tliat  fonnaldehyde  is  the  finit  product  of  photo- 
syntbesifl.  This  is  sobsequently,  perhaps  also  under  the  actum  of  light,  polynMEfM 
to  higher  carbohydrates. 

Although  a  auhstttnoe  giving  aldehyde  reactions  is  split  off  from  chlorophyll 
by  the  action  oi  light  in  the  presence  of  >oxygen,  there  is  no  evidence  that  thi' 
Biil)stunce  is  other  than  a  doetjmposition  product  of  the  pigment  itself,  perl»aj>s  «•! 
the  phytol  constituents    Its  production  takes  place  in  the  absence  of  carbuu 

dioxide. 

Along  with  the  profluction  of  nn  aldehyde  )jy  light  and  oxygen,  a  peroxide  vif 
some  kind  is  formed,  just  as  in  tiie  case  of  oixlinair  optical  senMitisatiou  by  iiyt- 
stttiOb.  It  is  doubtful  whether  this  is  the  source  of  the  oxygen  evolved  in  £b 
normal  course  of  the  photo-synthetic  process. 

At  the  present  time^  therefore,  we  have  no  evidence  tiiat  chlorophyll  act^ 
otherwise  than  as  an  optical  sensitiser  for  the  reactions  going  OQ  in  the  compki 
system  (»f  the  chloroplast.    We  have  no  information  as  to  these  complex  reactions. 

except  that  possibly  irort  plays  a  \wt  in  them.  Tt  nmst  1>p  remembered,  however, 
that  tht^  tlieaucal  structure  of  chloiophyll  is  a  rather  remarkable  one,  so  that 
conclu.si<ms  as  to  its  bt»lmviour  must  not  be  nuide  too  Imstily. 

Certain  electrical  ch»ngt\s  have  \xx'n  noticed  t4)  occur  in  green  leavt^  under  tht* 
V/;tion  of  light.  They  appear  to  be  ccmnect^Mi  with  the  photo-synthetic  action,  sine* 
tlicy  are  absent  unless  carbon  dioxide  is  present. 

AV'heii  the  light  available  is  deficient  in  tlie  rays  absorbed  by  chlt>i  «  t|»hyll,  other 
q>tical  Bcnsitisers  are  found  to  be  present  and  these  absorb  the  rays  which  actually 
reach  the  cell. 

A  brief  discussion  of  the  factors  alfecting  the  rate  of  photo-synthesis  is  given 
in  the  text. 

The  efficiency  of  the  photo-synthetic  process  is,  at  its  optimum,  a  high  one. 

Many  of  the  constituents  of  living  cells  absorb  ultra-violet  light  to  a  consider- 
able degree. 

The  reaction  of  certain  small  animal  oi^gantsms  to  ultra-violet  light  oljey^ 
rl(  fmit^^  laws.  A  minimum  duration  is  neci'ssary ;  there  is  a  limit  of  intensity 
below  which  no  i-eaction  occurs,  and  the  eli'ect  is  iii(le|H'ii(leiit  of  t<»myicratun*. 
Tlie^e  farts  point  to  the  oc<;urrence  of  a  photo-chemical  reaction,  whose  product» 

excit*'  .'^kiu  reci'ptors 

The  dircH't  action  of  ultra-violet  light  on  miciX)-orgunisnis  aii«l  <ni  tissue  cells  is 
a  lethal  or  destructive  one.  The  shorter  the  wave  length,  the  more  jK»werful  the 
vffetit  with  equal  energy  of  the  radiation,  probibly  owing  to  the  greater  absorptioo 
of  the  short  waves  by  protoplasm. 

Similar  action  can  be  produced  by  visible  light  in  the  pres«ioe  of  a  dye  whicL 
can  absorb  this  light  (photo-dynamic  sensitisation). 

Application  of  the  facts  of  pbotOH;hemical  reactions  to  the  retinal  process  is 
suggested  in  t^e  text 
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Light  causes  changes  of  permeability  in  tlio  rell  membrane  and,  in  plaiita,  has 
been  shown  to  have  the  effect  of  rutarduig  growth. 

Certain  animals  adapt  tho  colour  and  pntk^rn  of  their  skin  markings  to  suit 
the  background  against  whicli  they  are  seen.  In  the  frog,  tlic  n!cept4)rs  for  the 
reflex  arti  situated  iu  the  toea  auii  the  GyQ&  play  no  part.  In  the  fish,  the  eyes  are 
the  receptors. 

The  eflfeete  of  radinm  and  ol  X-nja  on  jiving  tteues  are  similar  to  those  of 
intense  ultra-violet  light  X*rays  are  geneniUy  regarded  as  being  light  waves 
of  extremely  short  wave  length. 
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OXIDATION  AND  REDUCTION 

If  t]i0  pfooeding  chapter  we  have  seeo  how,  by  the  aid  of  light  energy,  tha 
chemicaliy  stiUile  systeoi  of  OOj|-|*H«0  is  oonverted  into  one  of  higher  potential 
energy,  carbt>hydrat*^  imd  oxygen.  In  reconversion  to  its  original  staU',  tlir  onei^- 
of  this  system  is  utilised  by  living  organisms  for  various  purposes.  But,  althoui^h 
tlie  syHtciu  possesses  considerable  potential  energy,  it  is,  chemically,  a  stable  oiie. 
This  isy  indeed,  necessary,  in  oraer  that  its  energy  should  not  be  given  eS 
lipontaiieowsly  at  all  times,  but  only  when  required.  Molecular  oxygen  is  unsUe 
to  oxidise  carbohydrate,  except  iit  an  oxtrrmcly  slow  rat^  ;  although  there  arc 
certain  substances,  nut  h  simple  aldehydes  aTid  tVioso  conipotinds  cHllcd  "nn^^Jitur- 
ated,"  which  are  ^'autoxidisable,"  that  is,  evapable  of  oxidation  by  molecular 
oxygen.  In  this  process,  moreover,  by  a  mechanism  which  will  require  discuasian 
later,  other  suKstances,  not  thonsdves  ozidisable  by  molecular  oi^gen,  undago 
simultaneous  oxidation  ;  we  have  a  "  coupled  reaction,*^ 

This  raechaTiisni  alone,  however,  will  not  satisfy  the  reqni laments  of  the  ca^se. 
We  have,  accordingly,  a  catalytic  mechanism  in  addition,  wluch  has  the  ellect 
itself  of  "  aetimting  '*  oxygen. 

It  may  \k-  rniiurkud  here  that  the  proceasos  of  oxidation  and  reduction  are  not  merely  oi 
oae  for  the  purponca  of  obtainiog  energy  by  complete  oombustion.  Intermediate  stages  result 
in  the  formation  of  Bubatanoe;;  rMijuin-c!  f  .r         in  chemical  rca<'ti(»n<' of  i in jx»rtAnc<j  for  other 

imrposea.    The  monograph  by  iJakiu  (lUlU)  will  serve  to  show  the  numerous  oasen  of  interest 
n  this  vespeotb 

In  the  discussion  of  the  questimi  it  must  not  be  forgotten  that  the  oxidation 
of  one  substance  is  always  accompanied  by  the  rsduction  of  another.  As  Hardy 
points  out  (note  appended  to  Drury's  paper,  1914,  p.  175),  the  place  where  oxida- 
tion takos  jtlfico  in  a  cHl  may  also  be  a  roilnction  place,  if  a  different  zero  of 
oxidation  {Miti-ntial  be  tiiken.  A  convenient  one  in  tliat  of  atmospheric  oxygen.  A 
region  of  such  a  chemical  potential  would  be  a  reduction  place  for  compounds 
whose  oxygen  potential  is  h^pher  than  that  of  atmospheric  oxygen,  but  an  oxidatioo 
place  for  substances  in  which  it  is  less  than  that  of  atmoaphMic  osygen.  His 
absence  of  agreement  as  to  the  sero  may  lead  to  confusion. 

ACnVE  OXYGEN 

The  fii«t  question  to  be  investigated  is  the  nature  of  the  state  into  which 
oxygen  is  put,  so  as  to  be  able  to  oxidise  substances  upon  which  it  has  no  action  | 

in  its  ordinar}'  molecular  state.  ; 

Tt  is  sometimes  states)  that  it  is  in  the  "atomic"  stai*',  ]»nt  this  suggestion 
dues  not  rmlly  help  much,  since  we  do  not  actually  know  what  the  difference 
between  the  atomic  and  molecular  state  is. 

Again,  the  active  state  is  sometimes  spoken  of  as  the  ''nascent"  condition. 
It  is  a  matter  ni  experience  that  chemical  elements  or  groupings  are  more  rsady 
to  enter  into  combination  at  the  moment  of  their  lil)eration  from  previous  combina- 
tion. It  appears  that,  in  the  process,  chemical  energy  is  imulo  use  of  before  it 
has  become  degraded  into  beat,  hence  more  free  energy  is  available. 

The  most  probable  view  seooas  to  be  that  it  is  in  the  process  of  changing  its 
valency,  or  electric  charge  that  oxygen  is  in  the  active  state.   At  all  events, 
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electrical  phenomena  «ro  osBodated  with  the  activalion  of  otxygw,  as  sliown  by 

the  fuUowing  foctR. 

Oxidation  and  reduction  do  not  always  mean  the  addition  or  i-emoval  of 
ozyi^  or  hydrogen.  The  ohange  from  fenic  to  fenoufr  aalts  it »  mlii«tioii»  bnt 
coMMBto  in  the  oanipermon  of  trivalent  iron  to  bivalent  iron. 

na1>cr  (1898)  haa  Bhown  that  the  reducing  action  of  hydrogen,  developed  on  an  electrode, 
depMids  00  the  eleoinoal  potential  there.  In  this  way,  a  rednotion  process  can  be  carried  to  a 
partiontar  point  and  no  fartliw.  Thus,  nitro-benzene  can  be  reduced  to  azoxy- benzene  and  no 
further,  if  the  cathode  potential  is  low.  Duiiy-Henault  (1900)  also  showed  that  aloohol  oan 
bo  (iu!.%itilatiTelj  ozidiaed  aa  far  as  aldehyde,  with  a  proper  anode  potentiaL 

The  plienomena  connected  with  the  autoxidation  of  phosphorus  and  its  effect 
in  condensing  a  steam  jet  were  referred  to  alwno  (page  31).  We  umv  lujto  that 
the  effect  consists  in  the  production  of  "ga«  ions"  and  is  not  shown  by  the 
products  of  the  reaction,  but  only  by  some  process  taking  place  in  the  actual 
ooune  of  the  raustioii  itself. 

Ostwald  (1890,  p.  76)  suggested  thet  raductioii  means  a  diminutioii  of  charge, 
that  is,  n        of  (negative)  electrons. 

Oxyj^i  II,  iis  we  know,  may  Ix;  bi-  or  quadrivalrfit  Tii  the  jxToxiHrs  it  is 
probably  the  latter,  and,  when  split  off  in  a  particular  way,  it  has  unu8ually 
fwwerfnl  ozidiaiDg  proprties,  a  fact  of  importence  in  physiological  oadatioofl. 
Ita  activity  appean  to  depend  on  its  readineas  to  give  up  ita  extra  cfaaigea. 

AUTOXIDATION 

Tlie  theory  uf  the  prooeas  wMeh  takes  place  in  the  spontaneous  oxidation  of 

|)hosphoru8,  benzaldehydc,  or  other  such  substances,  waa  suggestixl  by  Bach 
(1897),  MTid  by  Engler  and  Wild  (1897),  iiidepeiulently,  and  was  iMlo]>t<-d  by 
Ostw.iUl  (11100,  1).  It  has  \mn\  obsfrvt^l  as  au  experimental  fnrt  that,  in  such 
reactions,  there  are  formed  sinmltaiicously  two  oxides  in  oquivalcnt  proportion, 
a  lower  oackle  and  a  peroxide.  Now,  lu  tiie  produetion  of  tiie  former,  energy  is 
given  out^  whefeaa  the  latter  has  a  huther  oxidation  potential  than  the  oxygen 
gas,  and  requires  eneigy  to  form  it  TboB  energy  is  derived  from  that  affixded 
by  the  production  of  the  siiny»lp  oxide. 

We  saw,  in  speaking'  of  "coupled  nvirtions,  "  that  these  imctions,  in  which 
energy  afforded  by  one  reaction  is  used  to  enable  another  to  take  place,  must  be 
capame  of  being  expressed  as  parts  of  one  and  the  same  complete  reaction ;  we  see, 
tmn,  why  thlgre  is  always  a  quantitative,  equivalent  rdataon  betwt^ien  the  simple 
oxide  and  the  hi;^her  oxide.  SelMtnW'iii  (see  the  monou^rayih  by  Engler  and 
Wi'IkkIm'iij,  1904,  p.  9)  was  the  first  to  point  out  that  lialf  t!ip  oxy^'f>n  is  used  to 
oxidise  the  substance  itself,  while  the  other  half  is  "activated.  Tiie  pci oxide 
obtained  in  the  oxidation  of  phosphorus  is  ozone  and  its  formation  snonld  be 
described  thus.  In  the  process  there  is  first  formed  a  peroxide  of  phosphorus, 
which  then  spHts  up  into  osone^  on  the  one  hand,  and  a  lower  oxide  of  phosphorus 
en  the  other  hand.  Thus: — 

mP  +  nO^-P^O^^        .  -  -  -  (1) 

=  +      rO,     -  -  -  (2) 

(intermed.  oxide)  B  (kiweroxkk)  +  (Mghcroaihte) 

Whether  tins  intermediate  oxide  is  to  he  detected  or  not  depends  on  the  rate  of  its 
decomposition. 

The  way  in  which  the  abuve  reaction  is  desoribed  is  that  of  OstWiiM.    It  certainly  is  in 
Mreetnetit  wifh  experiniental  f.ii-ts  and  ex[ilaina  why  the  two  pn^ifhu  ts  nf  ,\u  juitoxidalioii  are 
wwaya  iu  equivalent  prupurtiuii,  since  they  w«r«  at  one  time  cuiabiiatl  in  one  sutwtance. 
Oatwald  abo  points  oat  that  it  is  a  general  rule  that  the  moet  unstable  product  of  a  reaction 
roaketi  its  appearance  first  an<1  '\»  \\\vm  (lccompo)*ctl.    But  if  the  peroxidfl  IS  fomed  fir8t»  it  IB 
difficult  to  f*oe  how  the  energy  is  uht^iiued  ft>r  the  process. 

It  is  interesting  to  call  to  mind  also  what  Larnior  has  pointed  out  (1908).  If 
we  consider  the  great  distance  between  the  molecules  of  a  gas  as  compared  with 
their  own  dimensioiis,  it  is  ea^  to  see  that  an  impact  between  molecules  takes 
place  otalj  at  a  eomparatively  rare  frequem^.   Suppose  that  the  noleoules  are  of 
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two  f?iffcivut  kinds,  cajwibb  of  reat'tinii  t()^,'ether ;  the  irnpofts  will,  in  a  certain 
propuriioii  of  cas^  be  between  different  kinds  of  molecules,  and  some  of  them  wiJl 
give  riae  to  comlniiatioii.  If  there  is  aleo  a  lihud  kind  <rf  tnoleciile  preeent,  tlie 
compound  molecule  fonned  hj  the  first  two  will  occasionally  meet  with  this  third 
kind,  and  oomhination  of  three  kinds  of  molecules  result  But  the  chances  an? 
almost  infinity  to  one  against   tlirfse  different  of   molecules  meeting 

simultaneously  in  s«fh  a  way  us  x*i  combine  togetlier.  We  are,  no  cloubt> 
justified  in  extending  these  cousidemtions  to  substances  in  solution.  It  appears, 
therefore,  to  be  extremely  improbable  that  a  reaction  between  three  ch^rent 
molecules  ever  oceur  s  in  one  stage,  or,  indeed,  a  reaction  }>etween  two  of  one  kind 
and  one  of  another  kind,  or  Ijetween  thn-e  of  cme  kind.  All  Tractions  should,  if 
possible,  l)e  i^'j>rese?ited  a,s  takinj^  place  in  sta;j;es  between  two  molecules  only  at  « 
time.  Nernst  (1913,  pp.  475  and  595)  calls  attention  to  i\m  same  fact  witli 
reference  to  the  probaufity  that  reeetiom  of  a  higher  order  than  bimoleciikr 
must  be  very  rare.  In  any  case^  their  velocity  must  be  very  small.  Reactiom 
which  appear  to  be  triraolecular  are  oft«>n  found,  on  investigation,  to  take  plaoe 
in  two  bimoleeular  stages  (soo  also  van't  HofTs  Lectures,  lf>0!.  Heft  1.  p   196  ) 

Mrs  Onslow  (192U)  has  obtained  evidence  that  in  plants  tljere  are  catalysU 
which  accelerate  autoxidation,  especially  that  of  catechol  derivatives.  By  this 
means  the  peroxides  required  for  the  next  process  are  quickly  prodneed. 

PEROXIDES  AiSD  THEIK  CATALYSTS 

The  peroxidei  oxone,  whidi  is  pnxluced  in  such  autoxidations  as  that  of 
phosphorus,  has  a  powerful  oxidation  potential,  so  that,  for  example,  it  liU  raTf-i 
iodine  from  potassium  io<luie  with  great  rapidity.  Now,  the  peroxides  wlm  ij  we 
find  produced  in  living  cells  have  an  oxidation  |)otential  which  is  not  so  high  a^s 
this;  they  omisist  either  of  hydrof^en  peroxide^  or  have  a  similar  oonstitotlon. 
Their  appearance  in  the  photo-chemical  reactions  of  the  green  leaf  has  been  met 
with  in  Chapter  XIX.  In  fact,  in  the  presence  of  water,  the  organic  peroxides  of 
the  latter  type  readily  form  hydro*,'*"?!  iMtM^xide. 

Peroxides  of  this  type  only  liberate  iodine  from  potas«iuiu  imiide  very  slowly, 
and  their  power  of  oxidising  such  substances  as  sugar  is  practically  nil.  We  have, 
however,  already  seen  an  example  of  a  t^piciil  catalytic  process,  wiUi  formation 
of  an  intermediate  compound,  in  the  increaseil  action  of  hydrogen  peroxide 
on  liv<lri«Mlie  acid  when  mirmte  arnoTints;  of  inolylKlir  aei«l  are  added  (Brode). 
We  note  that  the  molylniic  aeid  ia  found  at  the  end  unchanged. 

There  are  otlier  substauces,  such  as  ferrous  iron  in  the  well-known  Fenton'i 
reaction  (1894),  which  act  as  catalysts  on  hydrogen  peroxide  with  the  sepuaiion 
of  what  we  may,  for  convenience,  ooatinoe  to  call  active'*  oxygen.  Moreover, 
from  various  animal  and  ])lant  tissues,  enzymes  have  been  prepared  which  have 
the  same  effwt.    These  have  been  called  by  Bax-h  and  Chodat  (1903)  **  j)ero.ridns*'!*  '* 

The  nature  and  properties  of  thp  numerous  substances  <xmeerne<l  with 
physiological  oxidations  and  reproductions  liave  led  to  much  work  and  caused  much 
difficulty  in  the  interpretation  of  the  complex  phenomena  observed.  A  ooosistent 
and  intelligible  theory  was  first  proposed  by  Bach  and  Chodat  (1904),  to  whom  we 
owe  the  greater  part  of  the  accurate  investigation  of  the  subject  (sec  the  article  by 
Bach,  1913).  In  the  following  pages  I  descrilx^  the  phenomena  on  the  bisis  .>f 
this  tlieory,  although  further  research  may  make  necessary  some  modification  in  it. 

The  int'Crvention  of  cell  sU  uctiirfs  will  come  up  for  discussion  in  a,  lalor  j)}iragr.ii)h. 

There  ia  on  enzyme,  to  which  wu  have  already  referred,  called  cntalasc^  which  has  the 
property  uf  deeompoeing  hydrogen  peroxide  without  activating  the  oxygen  given  olT. 
result  of  its  a<  tion  is  inoloi  ular  oxygni  nierrly,  ^'ivcii  off  at)  ga«.  Althoiigli  ontalaso  is  of  very 
(xHumon  occurrence  in  pUnte  and  animals,  the  part  it  plays  ia,  at  present,  somewhat  aneertain. 
In  any  cane,  it  does  not  directly  ooneem  «n  bere,  nnoe  it  doee  not  bring  about  oxkiatios, 
although,  acconling  to  I>a(  }>  ClOKi  p  1h2),  it  plays  ui  inif  irtunt  jvart  in  pi  t-  i ing  soa«iti%'« 
parts  of  the  cell  mechanism  from  the  easily  diffusible  hydrogen  peroxide,  formed  io  the 
oxidative  iprooanm.  Bach  states,  alsoi  that  in  a  mixture  of  hydrogen  peroxide  witii  botk 
catalsse  and  peroxidMe,  part  of  the  peroxide  is  dsoompoMd  witii  pRMMotioQ  of  eolivo  eiy(Mi» 
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Uie  oUior  pAirt  ioto  molecolar  oxygea,  aooordiug  (o  the  relative  amount  of  the  two  enzymes 
present   Oatalaae  might  thus  aot  as  a  rtgtdvOor  of  the  oxidation  procen. 

i'eroxidss  artj  cbaractei'iscd  by  the  pro^nco  of  two  atoms  of  oxygen,  diifctly 
united  U^gether.  If  we  take  oxygen  as  quadrivalent^  such  a  substanoe  as  hydrogen 
penndde  c»ntains  two  atoms  of  oxygen  united  hy  three  valencies,  and  when  one 

atr>in  is  split  off  in  the  active  foiTD,  this  atom  possesses  four  frtnj.  valtiicics  to  be 
satthilefl  by  combination  wit)i  an  oxidisable  sulistance.  Or  we  may  put  it  thus, 
in  the  formation  of  the  peroxide,  the  valency  of  the  oxygen  is  changed  from  two 
to  four.  A  substance  gives  none  of  the  reactaons  of  a  peroxide,  however  many 
oxygen  atoms  it  may  contain,  unless  some  are  directly  comiectcd  together. 
Persulphuric  acid,  HSO^  -  O^SH,  thus  beliaves  as  a  peroxide,  similarly  other  per- 
acids  and  th'-ir  wtlts.  Since  the  atoms  of  niolcHnilar  oxygen  are  united  together, 
it  seems  that,  wtien  it  combines  with  an  autoxidisable  substance,  the  primary 
product  must  bo  a  peroxide,  as  is  assumed  in  the  e^iuation  given  above  (|Jiige  581). 
At  the  saine  iimie^  ordinary  oxygen  has  no  peroxide  properties,  although 
by  the  addition  of  anothw  atom  to  make  o/vone,  we  obtain  a  powerful  peroxide. 
In  a  peroxide,  therefore,  the  two  atoms  (iire<  tly  united  umst,  apparentlv,  Ix- 
themselves  united  to  8ome  other  atom  or  group,  which  may  1x3  f)xy^'eii  ithelf. 
The  meaning  of  this  is  not  cltjar.  These  groups  may,  indeed,  be  either  "electro- 
negative^" as  in  persulphuric  add,  or  "electro-positive,''  as  in  sodium  peroxidfi^ 
NaO-ONa. 

Most  peraxides  are  bydrolysed  by  water  in  two  stages^  thus 

/O    H  OH 

OH 

A<   >>A04-U00U        .        -        -        -  (2) 

O  -  Oil 

Therefore,  a  peroxide,  arising  by  au^toxidation  of  an  ox  i(  Usable  substance  produced 
by  a  cell,  gives  rise  as  a  rule  to  the  formati<m  of  hydrogen  peroxide. 

Catalytic  ActivatioH  qf  Peroand^^. — Indigo  blue  is  very  slowly  oxidised  in  air, 

prei>ijniab!y  with  the  iisiud  protluction  of  a  j)eit>xi<le.  Oil  of  tur|)entine  is 
oxidiseil  in  u  similar  manner  at  a  cfmsidernble  mte.  In  tli(»  pix'sence  of  tlie  latter, 
the  oxygen  of  its  peroxide  is  transferred  to  the  indigo,  which  thus  undergoes  a 
rapid  oxtdatiim. 

Now  Bach  holdH  (t'JlS,  p.  1 18)  lhat  iiic  oil  of  turpentine  should  bo  called  a  cAlalyRt  in  this 
reaction,  since  it  docs  not  appear  as  a  constituent  of  the  oxidised  indigo,  although  it  is  not 
itwU  in  it«  oHpnal  form  at  tho  ond  of  the  reaction.  I  think,  however,  that  it  teuds  to 
conftwion  t«i  Hj>eak  of  a  catalytic  process,  where  energy  for  a  reaction  is  afTnrded  by  the  agent 
iillfil  (■a(,'»lyst,  as  in  this  cane,  and  that  it  is  Ix-tt^-r  t'>  cull  it  a  •■onplfil  n-uciioii.  At  the  same 
time,  it  must  be  coufeseed  tbat^t  ia  difficult  to  draw  a  very  marked  line  of  demarcation 
between  thie  kind  of  reaotion  and  tiist  of  the  aooeleratinn  of  the  action  of  hydrogen  peroxide 
OD  hydrioilic  a<:i(I  l>y  molyUli*-  acid.  The  only  tv  i  ni  i  il  (lifTcrencp  is  that  in  the  latter,  true 
ciUAlytio  sotioD,  the  oataiyet  in  recovered  as  in  the  twgiuntag.  This  must  be  considerod  to  be 
the  real  criterifm,  for  even  when  (he  catalyst  is  not  recovered  intact,  the  change  it  has  under* 
pmc  is  ittdepeii  1  I  t  of  tho  main  reaction,  merely  incidenUl,  whttTCM  the  oxltibtion  of  the  oil 
oi  turpentine  is  an  etjaential  part  of  the  reaction. 

Hie  ca^es  where  colloidal  piatinmu  and  i*elatcd  metals  act  as  eafiilysts  are 
jv^iinle<i  by  Bach  (1913,  p.  149)  as  pn^eisely  Himilar  to  that  of  indigo  and  oil  of 
turpentine,  since  a  peroxide  like  that  ot  uil  of  turpentme  is  supposed  to  be  formed, 
hut,  in  this  case,  becoming  metal  again.  It  seems  to  me,  however,  that  these 
phenomena  of  heterogeneous  catalysis  are  not,  as  yet,  sattsfactm  ily  \ptained  by 
the  hypotluitical  aasumption  of  varifnis  oxides  of  the  metal,  for  wliose  actual 
cxiKteMce  there  is  not  sutlicieiit  cN  ideiKc.  There  is  the  fundamental  diffc  rence, 
also,  that  the  energy  ne«xle<l  to  raise  the  oxidation  potential  of  the  system  is  not 
sSbided  by  chemiad  degradation  of  the  phttinum,  as  it  is  in  the  case  of  ml  of 
tttipentine  and  similar  cases  of  a  ut4)xidation.  Hie  bearing  ol  this  question  on  the 
nature  of  Baclfs  "oxygenase"  will  Ix)  seen  presently. 

The  pi«M-»'ss  of  luitoxidatinn  results,  then,  in  tin-  pn>dneti«'n  of  a  jM'mxide  and 
in  the  bimulUuieous  oxidation  of  certain  other  substances  present  in  the  system, 
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which  are  not,  by  tlu'tiiscjlvcs,  aocfsyibh*  to  molecular  oxygen.    In  tlic  prrf»^ct  f^f 
water  we  i^dionilly  Hud  tlmt  the  )H;io.\i«lc!s  form  }iydrf)£jf'n  ppn)xi<li',  which  Im-,  rioi 
a  iiigh  oxidation  potential.    But  it  waii  knuwu  already  to  Schuubeiu  {ltfGO)th^  i 
ferrous  bbUb,  in  extremely  small  amounti  etrungly  aooelerate  the  actioD  of  hydrosea  i 
peroxide  on  oxidiBabie  substoDoee.    Ferroiis  nit«,  in  fact^  as  also  ilioee  of  eapper  j 
and  of  mangant»se,  accelerate  the  oxidising  jxiwer  of  oil  of  turpentine,  beuzaldehyH* 
etc.,  no  doubt  by  action  on  tlir  yw'io>i«)<  s  j»nHluced.    It  is  supposed  by  some  Uiai 
these  metallic  salts  combmo  willi  ilic  j)c»x»xjdoB  to  form  unstable  "complexes," 
which  split  off  the  peroxide  oxygen  more  readily  than  the  original  pefoxidei»  lib 
the  permolybdio  acada  of  Brode'e  experiinents.   In  any  caae^  Uie  metal  nmp^iem 
in  its  original  fonn  and  is  thus  a  true  catelyeti 

PBBOXIDASE8 

When  we  come  to  apply  the  above  phenomena  to  the  process  of  uxidatioo  m 
Kving  cells,  we  find  that  the  problem  is  by  no  means  easy.  The  oxidation  sptew 
met  with  are  often  of  great  complexity  and  the  enzymes  unstable.  Tkuo  result  bii 
been  that,  although  we  are  in  possession  of  a  large  number  of  factSi  their  tdatioB 
to  a  general  theory  is  not  a  simple  matter  to  make  out. 

Th«  reader  will  fiiul  an  excellent  ftccount  <»f  the  sulijecl  in  the  monogmph  by  KaHj©  (1910); 
wc  muHt  uoutiDt)  oufHelves  heru  to  ihosci  facts  whieh  Hec'iu  lo  givo  mkjrI  giii<lauoti  in  tbe  fonns- 
tion  of  a  general  tlieoiy.  When  we  rufer  to  certain  preparatimm  m  ocMnlag  ffooi  this  ur  that 
plant  or  animnl  organ,  it  i«  not  Ijo  soppooed  that  Kiinilur  Bulwtanccs  are  not  <>f 
occurrence  It  liappens  that,  for  various  reaaoiia,  particular  enzymes  aiul  on  ure  tuurt 
nadily  isokted  Irani  their  admixtore  with  other  sabelsncee  in  eona  oeaas  than  in  oUmci. 

The  gttm>reein,  yuaiacwn,  happens  to  he  a  convenient  test  for  the  preeenceflf  | 
active  oxy<^en,  since  one  of  its  constituents,  guaiaoontc  add,  is  oaddised  to  a  blue 
substance  oy  active  oxygen,  but  not  by  onHniirv  f>xv'^'»»n.  nor  even  by  sarfi 
peroxides  as  tli.it  »»f  hydrogen.    It  is  J»eHt  used  in  the  form  ol  a  solutioo  d  . 
guaiaconic  acid  lu  dilute  alcohol,  and  must  be  freshly  made.  ' 

Suppose  that  we  tsJce  a  scraping  from  the  sur&ce  of  a  potato^  some  frash  bkod. 
fibrin,  or  various  other  products  of  living  cells,  and  appfy  a  drop  of  gnaiaoooic  add 
solution.  A  blue  colour  is  prothiced,  showinL'  f  b(>  ]>n's<^nce  of  active  oxyj^cn.  Bit 
this  8Lmp]<'  oxjK'rimcnt  does  not  lcn<l  us  far  in  the  unulysis  of  the  nici-hjuiisni. 

Kow,  liach  and  Cluxlat  (1903)  showed  that  from  the  root  of  the  hcM^so-nuiuh 
a  solution  oould  be  prepared  wmcih  did  not  give  the  blue  reactioo  nokcn 
neither  did  it  give  off  oxygen  gss  when  hydrogen  peroxide  was  addccL  Bat  if 
to  this  solution  we  add  liytlrogen  peroxide,  guaiacum  is  oxidised  with  the  producticnn 
of  the  Vdiie  coKiur.  Tlie  solution  must  therefore  contain  soniethiti^'  wliich  net ivati* 
hydrogen  i»enixide.  This  constituent  is  destr<>yc<l  by  lieat,  precipitated  by  alcohol 
and  shows  the  general  properties  of  an  eiuyme,  and  was  therefiMre  called  i 

We  are  next  naturally  led  to  look  for  evidence  of  the  prcsenoe  of  bydn^n 
peroxide,  or  similar  peroxide,  together  with  pcroxidjise,  in  those  cases  in  which 
guaiacum  is  blued  without  the  ni'ce.ssity  of  adding  hydn»geii  [M'roxide.  Ad 
experiment  by  Bach  (1914,  p.  225)  is  of  interest  here.  Fresh  potato  juice  oxidises 
tyrorine  rapidly.  U  acted  <m  by  alcohol,  a  precipitate  is  fenned  wbftdi  hv 
scarcely  any  action  on  tyrosine,  unless  hydrogen  peroxide  is  added.  Howe 
hydrogen  peroxide  (an  take  the  place  of  a  similar  substance  naturally  present* 

Now,  when  we  tnke  a  sf>lution  of  pen>xi<laRe  and  add  iniaiacum  an*!  h\tln>«r«s 
peroxidi',  wt;  naturally  obtain  the  blue  colour  whether  free  oxygen  is  pn-N«iit  -4 
noti  since  the  hydrogen  peroxide  bupplies  what  is  required.  But,  suppose  we  take 
potato  scrapings,  put  them  into  a  tube  thn)ugh  which  we  lesd  hyorogen  or  ooil 
|BS»  until  the  oxygen  is  displaoed,  and  then,  by  means  of  a  tap  funnel,  previoosl; 
fitted,  ^yr  f?iop  ijuaiaconic  acid  on  to  the  potato,  we  see  that  no  oxidation  take^ 
piace  until  air  is  allowed  to  (  Titer  the  tuln'.  If  we  consider  this  result  for  a 
moment^  we  shall  see  that  its  meaning  must  bo  this :  Peroxidase  is  present  at 
ususl,  but  the  aheenoo  of  active  oxygen,  unless  air  ispreranti  shows  thsl 
peroxide  is  available  for  the  peroxicutse  to  act  upon.   The  pen»dde  is  thenfon 
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formed,  when  air  is  admitted,  in  the  process  of  the  taking  Up  of  oxygen  by' 

autoxidation  of  a  spontaneously  oxidising  substance. 

Tlus  system  of  autoxiclisable  substance,  peroxide  and  peroxidftso.  is  tbnt  which 
was  at  one  time  thought  to  be  itself  an  eo^me  and  called  an  oxidase The 
adoal  enzyme  oonoerned  is  peroxidase!  as  was  shown  by  Bach  and  Chodat  (1904) ; 
the  other  constituent,  whicli  forms  a  peroxide  in  presence  of  oxygen,  is  called  by 
them,    oxygenase.''    Oxidaae  has  thus  twc  componentiob        inactive  alone. 

It  may  be  notice<l  that  the  termination  "aw''  implies  enzyme  nntnre,  hut  we  have  seen 
reason  for  regarding  the  production  of  peroxidee  in  autoxidatiun  au  not  l>einK  of  the  natui-« 
of  catalysis.  It  does  not  seem  to  me,  moreover,  tkat  tbo  easier  destruction  by  heat  of  the 
oxyAWMe  thao  the  jperoxidase  proves  it*  enrvrae  nature.  In  this  respect,  1  am  in  agreement 
with  Moore  and  Whitley  (1909),  but  it  is,  after  all,  onlv  a  question  of  the  meaning  of  the  word 
•*  <  .ital\ •it."  Otherwise  the  flcheme  of  Bach  satisfies  tfie  facts  excellently.  Mrs  On«low  gives 
tbo  noiue  V  oxygenaee "  to  the  catalyst  which  aooeleratee  aatozidatioa  and  is  not  identical 
with  the  oxIdisBble-eabstanoe. 

We  may  sumniariso  the  iimtter  thus : — the  substratCi  which  is  to  be  subjtx'tctl  tO' 
oxidation,  is  usually  one  that,  by  itself,  takes  up  oxygen  by  autoxidation  so  slowly 
as  to  be  imperceptible.  This  is  accelerated  by  tibe  presmoe  of  a  gmnine  autoxidis- 
able  substance  (Bach's  "  oxygenase      which  acts  in  a  way  similar  to  that  of  oil 

of  tin-p<»ntine  and  siK'h  readily  oxidised  substances  'Hn's  nrfitm  is  pnMlua»d  by 
the  fuiinatioa  of  peroxides.  These  peroxides  art'  rt  inicit*«i  still  more  active  by 
tho  enzyme,  peroxidase,  which  accelerates  the  trannfer  of  oxygen  to  the  substrate 
by  splitting  it  off  fran  the  peroxide.  The  Yalne  of  the  ensymic  last  part  of  the 
process  may  be  this.  We  saw  that  the  oxidation  of  an  autoxidisable  sul>stance 
inay  effect  the  f»xi<latioii  ()f  other  substances  present  duriiijij  tho  rraotion  itst^lf,  so 
that  it  necessitates  the  pi*esence  of  both  free  oxygen  and  an  easily  oxidised  sub- 
stance. Tlie  peroxide  formed  in  this  reaction,  on  the  other  hand,  may  very  well 
persist  for  an  appreciable  time  and  be  thus  available  for  the  bringing  about  of 
an  oxidation  when  acted  on  by  peroxidase  coming  into  play  as  requited. 

We  have  seen  above  tint  salts  of  iron,  manganese,  or  co]>per  act  on  peroxides 
in  ttie  same  way  as  the  enzyme,  peroxidase,  and  Bertran<l  thoni^lit  t liat  his  "  laccaw  " 
owe*!  its  activity  to  the  pnvseiiee  of  manganese.  It  wa«  found  later  that  iron 
could  take  the  place  of  manganese,  and  Bach  (1910)  states  that  he  \vMi 
pre(>ared  "oxidastos"  free  from  both  these  metals;  whether  any  other  metal, 
acting  similarly,  was  present  is  not  stated.  The  hypothesis  that  peroxidases  are 
particularly  tictive  forms  of  one  of  these  metals  i^  at  present^  the  one  most  in 
agrfcment  witli  experimental  facts. 

I1ie  metals  found  to  Ihj  active  as  "peroxidases  "  are  those  capable  of  existing  in 
two  states  ol  different  valency. 

By  the  addition  of  one  of  these  metallic  salts  to  a  system  of  peroxide  and 
peroxidase,  a  mixed  system  can  l>e  prtxluoed,  with  inmase  of  acti\ity. 

Further,  Dony-Henault  (lUOS)  lias  prepared  what  lie  calls  an  "artificial 
la<;oiHO  '  in  the  following  way.  A  solution  is  Uiken  contaiiiinju'.  in  50  c.c.  of  water, 
1  g.  manganese  formate,  0*4  g.  sodium  bicarlionato,  and  10  g.  gum  arable.  This  is 
precipitated  by  alcohol.  The  precipitate  is  redissolved  in  water  and  t^ain  thrown 
down  by  alcohoL  This  subst^ince  is  of  interest  for  two  reasons: — I.  As  an 
obvious  adsorpti(m  com|M>und,  but  yet  prLH^-ipitated  tinehangwl  by  alcohol,  no 
<loubt  because  tlie  po'cipltation  is  prjutiially  total.  '1.  As  an  enzyme  made 
artificially.  It  is  pnripilated  by  aicoliol.  But  the  uioitj  ini|M»rtjtnt  pri»j»erly  is 
that  it  acts  catalytically.  It  does  not  seem  to  be  destroyed  by  heat,  but  a  similar 
substance  made  from  albumin  and  manganese  by  Trillat  (1904)  is  destroyed  l>y 
boiling,  while  it  lias  Innn  stated  that  natural  lacease  is  not  so  destroyed.  I'lie 
pn^perty  clearly  depends  on  the  nature  of  the  emulsoid  colloid  in  association  with 
the  metal. 

The  natural  "  oxidase''  systems  are  moixj  or  less  **specijic  " ;  each  appears  to  act 
on  a  spedal  group  of  substrates,  or  even  on  one  only,  ^ere  is  reason  to  sup)Kfse 
that  this  depends  on  the  particular  organic  peroxide  constituent  of  the  complex 
83ratem,  rather  than  on  the  ]M>roxidast'.    Tliis  "  siMvifieity "  is  not  unknown  in 

inort:anir  ratalvsts,  thus  W« ilff  ( 1  frmnd  that  eoUoiilal  fernius  fernw  yauide  acts 
\8  a  peroxidase  towaixib  phenols,  but  does  not  accelerate  the  action  of  liydix^geu 

19  A 
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pcrt>xide  on  hytlriodic  acid.  The  direct  action  <»f  tlie  substrato  <.ii  the  enzyme, 
i  hcHiir  ally  destructive  or  by  alteration  of  its  physical  properties,  has  always  to  be 
taken  into  afxxmnt  in  thei>e  specific  relations. 

It  may  be  asked,  what  is  the  function  of  the  gooi  in  our  aitificial  bccHe} 
Before  we  can  answer  this  qaestion,  we  most  examine  into  the  ststo  of  the 
metallic  salt  in  solution,  whether  it  be  iron,  copper,  or  manganese. 

Sjilts  of  all  tln  se  metals,  espeeially  in  th»-  fli1fit<>  s»>}ntions  in  question,  ar^ 
hydrolyH'd  in  ^vale^.  In  other  wunls,  the  solutions  vimhI  cunsist  of  hydroxides 
the  metals  in  the  colloidal  state.  This  seems  to  be  their  active  stati',  although  n 
is  not  easy  to  say  why  the  colloidal  hydroxide  should  be  more  active  than  the  ioo. 
The  experiments  of  Moore  and  Webster  (1913)  on  the  formation  of  formaldehyde 
by  ultra-violet  ligbt,  in  the  presence  of  colloidal  ferric  hydroxide,  may  be  called  to 
mind.  Bcrtrand  also  (1^07)  UmUnl  the  oxidising  effect  of  a  .series  <»f  manganese 
salts  on  hydroquioone  ami  found  those  to  be  the  most  powerful  wbicii  were  Uie 
most  hydroiysed  in  solution. 

If,  then,  the  colloidal  state  is  of  so  much  importance,  it  seems  clear  that  the 
activity  mast  be  in  direct  relationship  to  the  extent  of  the  surface.  Htjnce  the  ose 
of  pftim,  albumin,  and  so  on.  Tlie  way  these  **  stable  "  crilloids  art  in  pn)t«x  tiiii;  i 
sus{>eiLsoid  colloid,  such  as  ferric  hydroxide,  from  precipitation  by  eltH-lioiytee,  thus 
ensuring  a  high  degree  of  dispersion,  Ijas  been  explained  above  (page  97). 

A  peroxidase  is,  then,  in  all  probability,  a  peculiarly  active  form  of  the 
colloidal  hydroxide  of  manganese,  iron,  or  eopptf,  preserved  in  this  active  state 
by  the  pn'sencc  of  an  rmiilsoiM  colloid,  such  as  crnm  or  albumin.  It  is  to  this 
ratable  colloid  tliat  the  cn/.yme  owe*>  its  precipitation  by  heat  or  bv  alcohol,  ami. 
possibly,  any  degree  of  sjtecificity  that  it  jK»{ssctises.  A  view  essentially  the  sarue 
as  this  was  suggested  by  Fmin  (1905,  p.  103). 

ENZYMES  COKC£KI<£i>  WITH  REDUCTION 

Although  it  has  long  been  known  that  fresh  animal  and  plant  tissues  ha^ 
the  power  of  re<lueing  nitrates  to  nitrites,  and  it  was  held  by  some  that  the 

process  is  a  catalytic  one,  the  cxist<-nec  of  reducing  enzymes,  analogous  to  the 
oxidising  ones,  has  not  been  generally  acceptetl. 

8<;liardiuger  (1902),  liowever,  made  the  observation  that  fresh  milk  rapidly 
reduces  methylene  blue,  indigo,  and  so  on,  if  an  aldehyde,  such  as  formic  or  acetic 
aldehyde,  be  present ;  whereas  it  has  no  such  action  in  the  absence  of  the  aldehyde. 
The  proj>erty  is  aboli.shed  by  boiling,  and  has  been  uncd  as  a  test  to  li  ringuish 
fresh  from  sterilised  milk.  It  was  clearly  proved  by  Tromms<l<'!fT  (l'JU'.»)  that 
this  reaction  is  due  to  an  enzyme  an«i  not  to  bacteria.  If  mic^oLR.'^^  arc  pretJent, 
the  milk,  after  some  houre,  acquires  the  property  of  reducing  methylene  blue 
without  the  addition  of  an  aldehyde. 

N  ow  it  is  clear  that  we  must  have  a  formation  of  n  i  -  t,t  or  active  hydrogen, 
and  that  it  must  come  from  the  water  in  the  system.  If  a  reaction  is  g<iinjr  ^vi 
which  takes  np  oxygen  frtmi  water,  hydrogen  will  Ix'  set  fwo.  It  is  probable, 
then,  tlmt  \vc  iiave  to  do  with  a  reaction  of  the  kind  called  by  Bach  (1913,  p.  150) 
'^hydvohflie  oondative-redueing  reaeUont." 

A  react  ion  of  this  kind  has  l»ccn  nlreiMly  Hescrilied  (page  *2<>6)  in  the  oxidation  of  a-amino  acMi» 
to  iildeljydcs,  a«  dificoverai  by  Strf<  k^-r.  To  utiderBtand  the  mechanism,  however,  a  snnplrr 
nvKtem  is  better,  and  we  may  take  that  of  the  dcc«jm position  of  water  1^  hypophoqphitfli  is 
the  presence  of  met<a1lio  palladium,  an  inve«tipitefl  hv  RiHi  (1009). 

Tu  li«M;iii  vvilli.  it  iinisf  !«•  ;i<liiiitt<>c|  tliat  tlif  rn<  li.n  i;m  of  Bueli  react  ions  is  liy  no  mMTi- 
clear  as  vet  aud  1  coufen^  to  a  cvrtaiu  amount  ot  miHgiviug  as  to  the  chemical  nature  <^  Uie 
intermeniate  oompminds  su|>i)ofl^  to  be  formed.  The  syatem  is  a  beterogeneooa  one,  palladiini 
anil  Niiiiilar  tin  tals  Vm  in;^  insoluble,  ami  tlu-  ]>]i'  i  i:  t>na  of  adHorption  or  fhi  f  i  r- condensation, 
always  preH<*ni  to  Kuch  Hystoom,  shoidd  be  kepi  in  mind.  In  tbu  following  doacriptioa  what 
oxfdcii  of  platinum,  etc.,  are  spoken  of,  it  is  very  donbtfal  whether  tb^  really  have  tk» 
detiiiitf*  <  Ik  iiu-  ri)  t  irmula*  assigned  to  them,  since  they  have  not  brrn  isoIntrKl.  Similarly,  it 
may , be  rcmenilieiett  that  the  pertuolybdic  aciUa  formed  in  Brode's  typical  case  (page  'Hi)  ar« 
taid  to  bo  a  scries  of  this  kind  : — 
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The  iormal«e  rather  auggeat  adsorj^tion  oompuunds.  We  may  ahw  call  to  miud  the  eon' 
tHWMfiy  beiwMB  Faraday  and  de  la  Rive  (see  pAge  306  abow). 

To  return  to  the  hypophonphile  ayatem^  hypophospbites  do  not  imdetgo 
oxidation  in  water  alone  at  any  measurable  rate.  But  in  l^e  presence  of  finely 
divided  palladium,  this  takes  place.  Bat  h  puts  it  thus  :  the  watpr  is  doromposed 
and  its  TTO  i<  hm  *!  for  oxidation  of  tlic  hypoph<isphite,  the  hydrogen  ifi  taken  up 
tempoi-cinly  by  pailadiuni,  and  then  bet  free.    Thus : — 

Hv      .H     OHH    Hv  /OH 
><     +        =   ><  +H,+IW>. 

^OH    OHH    O'  OH 

Palladium  acts  as  a  true  catalyst ;  minute.'  amounts  decompose  indefinite  amounts  of 
h)TK)pho8phite.  If  an  easily  reducible  substance  is  present,  the  nasc(>nt  hydrogen 
imces  it.  * 

If  we  take  an  aldehyde  in  pboe  of  hypof^osphite,  we  find  that  the  presence 
of  metals  of  the  platinum  group  does  not  arcelemte  to  any  great  degree  the 
decompositioi!  nf  wat<^r.  A  further  addition  is  required  in  the  fonn  of  an  «'a.sily 
reducible  sub&tauee  as  ''acceptor"  for  the  nascent  hydrogen  as  it  is  formed;  such 
nibttances  are  methylene  blue,  indigo,  nitrates,  and  80  on.  None  of  these  are 
reduced  at  any  perceptible  rate  fay  formaldehyde  alone  without  platinum.  In 
the  reaction,  the  aldehyde  is  oxidised  to  the  corresponding  carboj^lic  add. 
Tlie  case  of  nu  tln  lene  blue  is  instnictive  because  this  dye  containR  no  ovvgen,  so 
that  the  adilinunal  atom  of  oxygeii  required  to  convert  fonnaldehyde  into  formic 
acid  must  come  from  the  water  by  some  means. 

The  explanation  of  this  fact  suggested  by  Bach  (1911,  1)  is,  shortly*  as  foUows. 
Water  may  l>e  looked  upon  as  an  unsaturated  compound,  H],0»,  since  oxygen  is 
quadrivalent,  at  all  events  potentially.  Since  H*  and  OH'  ions  are  also  present 
in  water,  as  we  have  seen,  it  seems  probable  that  unstable  complexes "  may  be 
formed  thus  :— 

Hv     /H-  HOV  /H 

>0<;  and  >0< 

The  first  may  be  called  "hydrugcn  suboxide"  or  "oxygen  perhydride,"  analogous 
to  the  metallic  salts  H.O»  such  as  Ag40.  The  second  is  the  hydrate  of 
hydrogen  peroxide.   We  have  seen  reason  in  Chapters  VII.  and  VIII.  to  hold 

that  ions  are  associated  witli  water  molecules. 

The  aooeleratioo  by  platioum  of  the  oxidation  of  aldehydes  to  form  acids  can  be  explaioed 
oo  the  view  of  Eogler  and  WiAiler  (1901)  tliat  colloidal  platinum  combines  with  mmecnlar 
oxygen  to  form  a  psroxkle^  PtO^  which,  in  its  turn,  reacts  with  water  to  form  the  hydrate— 

HO-Pt-0»0 

This  snbstooce  mri  v  ilso  He  su{)|M)fif<l  to  formed  hy  nrtioT;  (jf  platimim  ^\  ^tH  il  ^-  H.j,0(OH')j 
nraent  in  the  waier.  It  acto  as  a  powerful  oxiUifiuig  agent  on  foniiakielivilQ.  Since 
H/H<^H'^  is  used  up,  the  equtUbriun  is  disturbed,  more  is  formed,  and  so  the  oat^dytio 
prooe-^  Continues. 

If  we  admit  the  presence  in  water  nf  H4O,  it  is  not  uuhliely  that  platinum  metab  should 
form  fttrongly  reducing  hydridcR  hy  comhination  with  this. 

The  two  complexes  of  H*  and  OH'  ions  with  water  are  only  present  in  very  small  con- 
centration, so  that  unless  one  of  thetti  in  used  up,  say  tlie  hydride  in  nniucing  methylene  blue, 
the  oxiilation  of  the  aklehy<lc  can  only  take  pUoe  to  a  very  small  extent. 

I  hiwv  already  remarked  that  this  view  a«Ktimes  the  exiMffnci'  of  rhcniical  com|>onndB 
nf  rather  doubtiul  nature,  and  Bach  himself  ntatea  (191.3,  p.  loi)  that  the  quetilion  rt^piircs 
further  iDvestigatloD  to  make  the  mcchani.tm  clear.  The  view  given  certainly  explaiiw 
tiie  occarrence  of  active  hydrogen,  which  is  otherwise  difficult  to  acoomit  for. 

We  naturally  turn  next  to  look  for  the  evidence  fif  an  enzyme,  in  milk  and 
tissue  crlls,  which  plays  \\  }>art  similar  to  that  of  the  platinum  metals.    Since  a 
}x.roxidiisc  cuiLscs  the  activation  of  jieroxide  oxygen,  wc  may  call,  with  Bach 
(1913,  p.  IGl),  an  enzyme  which  cauacs  the  activation  of  perhydride  hydrogen  a 
perhydriiicm," 

The  enzyme  shown  by  Schanlinger  and  Trominsilorfl*  to  Ix;  reHpt>n.sihle  for  the 
reduction  hv  fresh  milk  of  nu  thvlcnc  blue,  if  an  aldehyde  be  also  present,  }\:\<  Ik  (u 
referred  to  above.    Now,  reducing  action  of  fresh  tissues  has  been  descnUxi  by 
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varions  observen;  and  ascribed  to  "reductases"  or  "rM^tfeoMf/'   In  analogy  witii 

the  oxidase  system,  as 

peroxidase  +  peroxide 

we  may  regard  a  redacase  as 

Schardinger's  onzynie  +  aldehyda 

Schaixliugor's  nmction  appn^irs  then  t«j  In*  a  hydruIytic-oxidativenHJuctioii  pr«X"«^s5\ 
in  which  the  aldehyde  is  oxidised  by  the  oxygen  of  water,  while  the  hydrc)gen  thus 
8et  free  rednoes  tbs  methylene  blue  to  Ite  leuco-boset  by  the  intemiediatioa  ol  iht 
engine. 

Liver  tisf>itp,  c^otmd  up  with  water,  has  been  known  for  a  Ion;;  tinie  to  be  capable 
of  rwlucing  methylene  blue  at  a  rapid  rate.  Bach  (191 1-1912)  investf^^'atod  this 
reaction  ffoui  the  alx>ve  pouit  ot  vu-w.  Is  there  an  enzyme  present  Uke  that  in 
milk  and  an  oxidisabJe  subetance  acting  like  aldehyde  t 

If  liver  is  rubbed  up  with  five  times  its  weight  of  8  per  cent,  sodien 
fluoride  and  fiitere<l  through  linen,  the  emulsion,  diluted  five  times,  has  very  little 
action  by  itself  on  methylene  blue.  But,  if  a  small  qtuiTititv  "f  .irftic  aldehyde  be 
added,  the  re^lnrtton  is  rapid.  If  previously  IxjiltMl,  the  emulsion  has  lo«>t  this 
property,  Filtmtion  through  paper  deprives  it  of  the  enzyme,  which  reiiiaiiiS 
on  the  paper.  Bat  a  solation  can  be  made  by  extracting  the  liver  with  I  per  oent 
sodium  bicarbonate.  Tliis  is  filtered  through  linen,  the  filtrate  neutralised  exaelly 
with  acetic  acid  and  again  filti'nxl  through  paper.  Alct)}iol  produces  a  precipitate* 
in  the  filtrate,  and,  from  this  precipitate,  the  enzyme  can  bo  extrarted  by  half  per 
cent,  sodium  bicarbonate.  The  solution  reduces  methylene  blue  in  the  presence  of 
aldehyde.  The  enzyme  is  very  unstable.  A  similar  preparation  can  be  made 
from  leng,  spleen,  kidney,  or  thymus. 

This  enzyme  also  reduces  nitrates  to  nitrites  in  the  presence  of  an  aldehyde^ 
just  as  fresh  milk  does,  so  that  it  is  not  of  a  specific  natnre. 

The  nature  of  the  suhstiim  e  which  takes  the  plaee  of  altlehyde  in  the  ceil 
system  is  not  yet  known.  It  appears  to  be  insoluble,  since  it  is  kit  with  the  cell 
ikhm  on  the  linen  in  Bach's  process,  as  giv«i  above. 

An  oxidaiie  (or  phenolase)  produces  its  oxidation  by  the  aid  of  free  oxygen, 
while  the  reducase  acts  by  means  of  the  combined  oxygen  in  water,  indirectly. 
Thus:— 

oxida,se  =  peroxidase  +  oxidisable  substance  (oxygenase)  +  oxygen 
reducasc  —  Schaixlinger's  enzyme  -i-  oxidisable  substance  (oxy^^enase)  -f  water. 

In  the  first  case,  we  may  say  that  free  oxygen  is  reduced,  but  the  reduction 
process  stops  here  and  is  covered  by  the  oxidation  process ;  in  the  second  case, 
hydrogen  is  set  free  by  the  deoompodtion  of  the  oxidising  agent,  water,  and  further 

reduction  prwesses  are  set  in  progress. 

Cnnnizzant's  Nfne(ifm.~—T\u^i  reaction  consists  in  the  8imultaii»-«>us  ovidntion 
and  retiuetion  of  aldehytles,  by  which  the  hydrogen  of  water  converts  one  molecule 
to  the  alcohol  and  the  oxygen  converts  the  other  one  to  the  a«*ifl  : — . 

2K.CIHJ  +  2  HUH  =  RClIgOH  +  K.COOll  +  li,,0. 

Parrtas  (1910,  2)  showed  that  liver  tissue  greatly  iicceleratcs  this  I'eaction,  a  result 
which  is  obviously  an  aspcx^t  of  the  action  of  Baoi's  perhydridase. 

Tho  enzyme  in  extracts  of  organs  which  oxidise  salicylic  aldehyde  appears  to 

be  similar  and  the  reaction  to  be  a  case  of  acceleration  of  Cannizzaro's  mt(  ti<»(i. 

Plant  Rerlnr,is''s.^'nwre  is  a  p  r  hydridase  in  potato  juice  and  otlu  r  )>lant 
extrai  ts  (Bat  h,  2).    This  requiivs  for  its  action  the  presence  of  one  of  the 

lower  aldehyileii  and  then  reduces  nitrates  to  nitrites,  but  apparently  methylem 
blue  is  not  attacked. 

The  inei'eaaed  consumptifHi  of  oxygen  by  acetone  yeast  in  tho  pifsence  of 
methylene  blue,  as  deserilxMl  by  Meyerhof  (1912,  3),  soems  to  \k'  a  a  late<l 
phenomenon.  Tho  (  xporinnn(s  of  T\'»lla<Hn,  Htdilx^net,  and  Korsjikov  (i'Jll)  on 
the  higher  plants  als*>  W'mv  upon  lh«  question.  Methylene  blue  causers  greater 
oxidation  in  etiolated  plants  and  the  presence  of  oxygen  is  necessai-y  for  the  effiect 
in  the  bean  plants  although  not  in  the  pea ;  a  fact  which  appears  to  be  connected 
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with  the  anaerobic  production  of  alcohol  in  the  latter.  In  the  presence  of  oxygen, 
the  dye  does  not  suffer  reduction. 

THE  GUATACUM  REACTION  OF  BLOOD 

Ha'iiK  >;^'lobin  has  the  power  of  oxidisinfj  ^^uaiaconic  acifl.    Tin's  has  been  shown 

Bui'kiiiastor  (1907)  to  Ix-  duo  to  the  iron  contained  in  it;  the  iron-free 
derivatives  do  not  give  the  rcHc'tion. 

We  have  seen  rMBon  for  regarding  iron  as  a  peroxidase^  but  since  peroaddase 
requires  a  peroxide  to  act  upon,  it  appears  that,  in  the  blood  reaeticy,  there  must 
be  some  sulistance  present  winch  is  nutoxidisaMo. 

It  is  interesting  to  note  that  lecithin  is  oxidiso<i  in  an-  hy  frrrons  fimmoMiuin 
sulphate  (Thunberg,  1911).  It  would  thus  form  a  i^ieroxiilcj  hko  btttzaldeiiyde 
doek  Certain  ether  cell  omtitttents,  nveletn,  albmnin,  glucose^  oleic  aeid,  are  not 
oxidisable  by  iron  alone; 

TYR08INASE 

Tlx'  fT'xlurtion  of  picnri''^^'^  ^'V  the  action  of  an  oxidising  enzyme  on  tvroRino 
has  l)«><-n  n'fcrml  to  hIhivc  (page  ^59).  This  enzyme  ajipcars  to  be  of  frequent 
occuri-enee,  not  only  in  £ungi,  where  it  was  iu'Ht  found,  but  also  in  animal  tissues, 
amongst  others  in  insect  Urv».  According  to  Bach  (1914),  the  system  called 
tyrosinase  is  a  complex  one.  The  effect  of  one  of  its  constituents  is  to  rtdnre  the 
tj^nxino.  The  jn(Mhit  ts  are  then  easily  oxidised  by  the  oxidase  also  present.  The 
behaviour  is  similar  to  tliat  of  the  n  .sy)iratory  pigments  of  plants,  dr.srribe<l  by 
Palladin  (1909),  whicii  are  alternately  oxidii^  and  reduced  by  the  agency  of 
ena^rmes. 

THB  OXIDATION  SYSTEM  OF  THE  CELL 

So  far  as  we  have  arrived,  the  chemical  process  of  oxidation  in  the  cell  seems 

to  be  as  follows.  Some  autoxidisable  substance  in  the  takes  up  molecular 
ox\';'»'M,  with  tho  formation  of  peroxides  and  activation  of  half  of  the  oxygen. 
The  <itiicr  half  of  tiie  oxygen  stu  ve^  for  complete  oxidation  of  part  of  the  autoxidis- 
able sulititance.  These  peroxides  are  acted  upon  by  peroxidase,  with  further 
increase  of  active  oxygen,  which  is  able  to  bring  about  oxidation  of  substances 
not  autoxidisable  and  otherwis(>  diflicult  of  oxidation.  But  when  wc  come  to 
apply  the  facts  learnt  by  study  of  extracts  or  of  disintegrated  cells  to  the  inter- 
pretAtion  of  phenomena  taking  place  in  th(>  living  cell,  we  find  that  there  is  some- 
thing else  t«>  be  taken  account  of*  This  we  may  call  "structure,"  meaning  thereby 
not  merely  the  coarse  atmcture  seen  under  the  microscope,  which  is  probably 
less  important  than  the  ultra-microscopic  structure^  of  colloidal  nature,  to  whidk 
attention  was  called  previously  (page  1 9). 

The  suggestion  made  by  WarlHu-f;  (1911),  !is  to  the  piiry>o'5<-»  of  the  eiieri^'y 
set  free  by  oxidation  in  cells  wliich  do  no  external  work,  has  been  referred  to  m 
an  earlier  chapter  jof  this  Uxik  (page  32). 

We  have  already  n^  with  cases  in  which  the  importance  of  structure  forces 
itself  upon  the  attention.  The  non -disappearance  of  lactic  acid  in  muscle,  after 
rubbing  with  sand  (Fletcher  and  Hopkins,  1907),  the  inability  of  Ifarrlen  and 
Maclean  (1911)  to  obtain  pre.ss  juices  from  tissues  wliii  li  fniild  coritimie  t^)  consume 
oxygen,  the  great  effect  oii  oxygen  consumption  ot  uikuiii^  which  do  not  enter 
the  cell  itself  (Warburg,  1910),  and  other  simihur  actions  on  the  surface,  may  be 
mentioned. 

It  abonld  be  pointed  out  that  it  is  impossible  to  draw  a  hard  and  fast  line 

Iwtween  the  phenomena  to  be  considered  here  and  those  of  tissue  r<-'^]nrntion,  to 
be  'le.ilt  with  in  the  following  chapter,  but  I  will  attempt  not  to  repeat  statements 
more  tiian  m  necessary. 

The  observations  of  Warburg  and  Meyerhof  (1912)  serve  to  illustrate  the 
problem  before  us.  The  red  blood  corpuscles  of  birds  contain  nuclei  and,  in  their 
nornuU  condition,  consume  oxygen  in  considerable  amount.   If  a  press  juice  ia 
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made  Buofaner's  metl^iod,  no  oxygen  oonflumption  is  to  be  detected.  Simibriy, 
isediatiical  disintegration  puts  an  end  to  the  process.  Now,  althoogh  yoMt  JoiMh 
aa  is  well  known,  is  still  able  to  cause  alcoholic  fermentation,  Warbtn^  and 

Meyerhof  have  shown  that  th(i  activity  of  yeast  cells  in  this  respect  is  greatlT 
diniinisheii  by  rubbing  with  sand.  Similar  observations  on  other  cells  were  mnfh' 
by  Battelli  and  Stem,  Palladiu  and  others,  to  which  reference  will  be  fouud  in 
the  article  by  Warburg  (1914). 

Now  cells  can  be  killed  by  such  treatment  as  dehydration  with  acetone  etcL, 
without  obvious  (lei?truction  of  structure ;  in  fact,  ordinary  microscopic  structure 
is  intact.  Wrirl)nrfx  points  out  (1914,  p.  317)  that  acetone  and  ether  make  a 
goud  fixing  metluxi  for  culls  even  of  the  delicac^y  of  the  eggs  of  the  sea  urchui  in 
division.  The  important  point  in  l^e  prucci^s,  as  used  for  the  investigations  witb 
which  we  are  now  conoemed,  seems  to  be  the  rapid  drying.  The  chemical  oon- 
position  is  practically  unchanged,  even  the  lipoids  remain  in  the  cells.  The  cAet 
of  this  treatment  on  yeast  cells  is  greatly  to  diminish  their  fenuontative  pt»wer 
(Buchner  and  Hahn,  1903,  pp.  87  and  269).  On  bacteria  (staphyltK  owi),  Warburg 
and  Mc^'erhof  found  that  its  elTect  on  oxygen  consumption  and  carbon  dioxide 
produetion  was  not  to  aboludi  them  completely,  although  tiiey  were  greatly 
diminished.  TJmler  ihiVourable  conditions,  tiiis  respiratory  proc-t  ss  n  tight  remain 
constniit  for  some  hours,  with  a  respirator^'  quotient  of  0  05  to  0  9.  The  injury  to 
tlie  oxillation  process  whs,  in  fact,  les-s  than  to  the  fermentative  po\v«'r  of  vt-Ji>t 
by  siniihir  ti*eatmcnt.  Of  course,  in  such  experiments,  it  is  essential  to  know  tliai 
all  the  cells  were  "killed,"  that  is,  incapable  of  growth.  To  do  this,  after  drying 
with  acetone,  they  were  heated  to  100*;  and  shown  to  be  sterile  after  the  expert- 
ment  was  concluded.  If  treated  with  acetone  alone,  without  heating,  the  oxygen 
consumption  falls  only  to  one-third  of  the  normal,  although  cultures  showed  th.tt 
nearly  all  the  cells  were  killtxl.  In  absolute  amount,  the  oxygen  consumpti<  »ii  of 
such  completely  sterile  cells  does  not  taXi  much  below  that  of  some  other  normal 
smrviving  cells,  those  of  the  liver  consoming  2*7  dc.  of  oxygen  per  gram  per  hour, 
while  the  sterile  staphylococci  consumed  1*5  cc 

If  we  fompare  these  results  with  those  on  the  egijs  of  the  sea  urchin,  we  find 
some  instructive  facts.  The  unfertilised  eggs,  niljU'tl  with  sand,  show  at  first  a 
nearly  normal  oxygen  consumption ;  this  slowly  decreases,  so  tliat  in  the  third  hour 
it  is  only  on&quarter  to  coo-third  ol  the  ncanal.  Fertilised  eggs,  ahvsMly 
divided,  have^  along  with  their  more  developed  organisation,  a  greater  oonsomptaon 
of  oxygen  than  unfertilised  ones.  Moreover,  on  rubbing  with  sand,  the  decrease  is 
greater,  m  that  in  the^^r#<  hour  it  only  amounts  to  one-quart<*r  U\  ono-thirtl  of  the 
normal.  Acetone  <lne<l  unfertilised  eggs  also  have  a  nieasnniblo  oxygen  oon- 
bumptioii,  although  it  is  less  tlian  when  they  are  .simply  rubbed  with  san<l. 

In  Older  to  obtain  some  farther  idea  as  to  wfaiat  is  to  be  understood  by  cell 
structure,  Warbnig  (1914,  p.  315)  calls  attention  to  the  &et  that  in  the  muscle  cell 
a  much  larger  proportion  of  the  chemical  energy  appears  free  energy,  useful  for 
doing  work,  than  if  tlir<  »  is  disintegrat<>*l ;  in  the  latter  cjxsc  the  chemical  energ>' 
obtained  from  oxidation  processes  is  all  dt^raded  to  heat.  By  cell  structure,  then, 
we  mean  those  elements  with  whidi,  or  by  whose  aid,  the  work  ol  the  cdt  n 
carried  on.  They  are  arrangements  by  which  the  chemical  energy  of  the  oxidation 
processes  is  caught,  as  it  were,  before  it  has  fallen  to  the  state  of  heat  If  we  look 
upon  the  cell  constituents  as  cheniical  coni|vt!inds  nicn-K',  withotit  the  assistance  of 
some  mechanism,  nothing  but  heat  could  Ix;  olnaun-ii  «*n  uxiiiation.  The  same 
thing  applies  to  a  petitil  motor  witii  lin  fuel.  If  smashed  up  uud  mixed  together, 
nothing  but  heat  would  be  obtained  by  burning  the  mass. 

If  we  divide  up  a  cell  nucleus  into  a  thousand  particles  and  consider  them 
distributed  throughout  the  cell,  th(i  nuclear  stnicttire  is  destroyed,  as  shown 
1>\'  the  fact  that  the  ordered  movement  shown  in  karyokinesis  is  no  longer 
possible. 

As  remarked  above,  the  eeU  memhmn»  Is  to  be  i^rded  as  a  very  importsat 
element  of  tiie  cell  structure  or  mechanism. 

We  see  then  that  the  oxidations  efRBCted  by  the  aid  of  the  enzyme  meehaninms, 
treated  of  in  the  earlier  parts     the  present  chapter,  take  place  m  the  cell  in  the 
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presence  of  a  mechanism  which  makes  ujse  of  their  energy  in  tlie  actual  progress  of 
ibe  reActian. 

Fnriher  than  thia  it  is  scarcely  possible  to  go  in  the  present  state  of  knowledge. 

A  few  fiirtlior  fiu'ts,  nevert^clf'ss,  arf  of  interest. 

P^'rtvt' ability.  —  Although  atetoiic  prtxlucfs  no  visil)lo  change  in  the  ejjafs  of  the 
aca  uroiun,  it  renders  the  ctll  nu*uibraiit3  peniieablu  to  electrolytes.  A  living  egg 
placed  in  distilled  water  rapidly  tmrstB,  alter  swelling  up.  Acetone  eggs,  after 
soaking  in  sea  water,  undergo  no  change  of  volume  in  distilled  water. 

Effect  qf  Nudeus. — Although  bloorl  corpuscles  containing  nuclei  consume  more 
oxygen  than  non-ntieloat<'<l  oik»s,  th*»  f.w  t  dws  not  neoossarily  imply  that  it  is  the 
nucleus  alone  that  is  reisp<jnsiljlo.  Iherts  ia  more  pn)top!as!nTc  nmtorial  in  tlie 
former  kind  of  cells.  Certain  evidence,  abo,  shows  that  ftiiguients  of  prutopla»m, 
free  from  nnelei,  consume  oi^gen.  The  nucleus,  in  fact,  oonnts  as  a  part  of  the  cell 
structure.  If  red  blood  corpuscles  of  birds  be  froas^  and  thawed,  igrtolysis 
occurs,  the  membrano  is  ruptured  and  crrfain  crll  constituents  pscape.  It  haa 
been  shown  by  Warburg  (1914,  p.  32*J)  that  souk-  of  the  *itructunil  parts  arc»  not 
disint^rated,  but,  being  insoluble,  can  be  centrifuged  oif.  By  this  process,  we 
obtain  an  uimcr  layer  of  structureless  cell  substance  and  a  lower  one  of  structural 
elements,  when  separated,  oxygen  oonsuraption  is  nearly  absent  from  the  upper 
layer,  but  by  the  lower  layer  it  is  absor1>ed  in  about  the  same  amount  as  by  tliQ 
ori|(inal  mixture.    .See  also  p.  613  with  reijarfl  to  blood  corpuscles. 

£ffeci  0/  Ificrea»e  of  StructunU  IHJ'ereiUiaiton. — The  comparison  of  the  oxygen 
oonsumpti<Mi  of  the  fertilised  egg  of  the  sea  tutshin  with  that  of  the  unfertilised 
egg  gave  Warburg  (1908  and  1910)  oppOTtunity  te  study  this  factor.  The 
increase  is  considerable,  but  not  directly  proportional  to  the  number  of  new 
nuclei  f  trnied.  The  change  from  one  nucleus  tf>  a  thousand,  for  example,  only 
causes  a  tiutt'told  increa.«M»  in  oxygen  consumption.  This  fact  indicates  that  the 
"structure"  in  question  is  not  the  visible  one  of  nuclei,  and  so  on.  A  remarkable 
fact,  however,  is  that»  if  the  eggs  are  cytolysed  by  placing  in  distilled  water,  and 
shaking,  the  resulting  suspension  of  apparently  strurtureless  del»is  consumed  as 
much  oxygen  as  the  normal  cells  in  the  case  of  the  unfertilisc*]  esjgs ;  l»ut  it  was 
re<lnee<l  to  one-tentli  \n  the  fertilisetl,  dividing  vi^gs,  although  the  structure  did  not 
appear  to  be  so  completely  destroyed  as  in  the  former  case.  A  significaut  fact, 
whieb  diowB  that  the  oxidation  process,  even  in  the  unfertilised  eggs,  was  not 
normal  after  c^^lysis,  is  that  the  carbon  dioxide  prrxluction  ceased. 

MJI^titlt  €f  ike  Cell  Membrane. — We  have  already  referred  to  the  fju  t  that 
changes  of  permeability  oeenr  in  the  ai  t  of  fertilisation,  and  Warhur*^  (  H)OM)  has 
shown  tliat,  cr>inei(lently  with  tliis,  the  rate  of  oxygen  consumption  rises  *m\\- 
siderably.  Further,  it  was  shown,  as  already  mentioned  (page  142),  that  alkali, 
even  when  it  does  iM»t  enter  the  cell,  causes  a  large  rise  in  toe  oxygen  oonsumptioa. 
It  is  evident^  then,  that  changes  in  the  ci^ll  surface  alone  produce  profound  efifects 
on  the  cell  inpchanisin,  and  further  e\  idetiee  is  atloixled  that  the  "structures" 
are  of  very  minute  character,  since  no  obvious  chanije  tjik«*s  jilace  in  the  cell. 
The  minute  nature  of  the  protoplasmic  elements  was  pointed  out  above  (page  19). 
The  maohineiy  can  be  put  out  of  work,  although  no  visible  change  may  have 
occurred.  As  if,  in  a  petrol  motor,  the  accumulator  oeHa  used  for  ignition  w^ 
disehaiged. 

Lillie  stfttea  (Iftl")  that  tlu"  forination  of  itido-plieiml  tiy  oxirlation  of  a  naphtlut!  and 
dimetkyl-paradiaiitiau- benzene  takes  pluce  most  rapidly  at  the  nuclear  and  osM  nfeoibranes 
of  the  ivoga  blood  oorpoaolas.  The  pasmgo  of  indnotioii  tliookA  is  said  to  socelerato  this 
reaction,  so  that  eleetrioal  polarisation  of  these  surf  soea  is  held  to  play  a  part. 

Effect  of  Cijanide, — ^The  action  of  potasstum  cyanide  in  extremf>ly  small 
eoncentmtion  is  to  stop  all  oxidatirm  pif>eesses  in  cells,  without  (loini<;  any 
permanent  damage,  liecovery  can  be  obtaineil  by  washing  away  the  cyanide. 
This  paralysis  of  oxidation  ha-3  been  referred  to  alj<n  e  (page  448)  in  relation  to  the 
analysis  of  the  muscle  processes.  The  work  of  Weissack^r  (1912)  on  the  heart  of 
the  frog  gives  some  interesting  facts.  We  find,  to  toke  an  example  from  his 
table  on  p.  140,  that  a  particular  heart,  in  absence  of  cyanide,  performed  1,180 
g.-cin.  of  work  with  a  cqpsumption  of  oxygen  corresponding  to  23  mm.  of 
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the  scale  of  Barcroft's  appiii-utiis,  and  an  evolution  of  25  mm.  of  carbon  du»tida 
In  Xhv:  prownce  of  iii/6,0()0  potassium  cyaiiid*"!,  tho  »une  hmrt  perfoniiod  more 
work  (1,380  g.  cm.)  witli  tlic  ccmsuinjitiitn  of  only  8  mm.  of  oxygen,  and 
j;ave.  oft' 9  nun.  of  carlxjn  diuxule.  On  p.  143,  it  is  shown  tliat  the  excitabilitj 
of  the  heart  to  electrical  stimuli,  oven  when  the  consumption  of  oxygen  haa  hom 
completely  aboUshed  by  m/3,000  mxadOf  ia  unchanged.* 

The  explanation  given  by  IVarbarg  of  the  action  of  cyanide  will  be  foond 
iram<yl  lately. 

llelntum  to  Cntnhf»fft. — Warhiirj;  and  Meyorhof  (soo  Warburg,  1914,  p.  334) 
have  obtained  results  with  unfertilititM.1,  tiytoly.scd  tmx  urchin  eg^js  which  show  the 
importance  of  iron.  The  ash  of  the  eggs  was  found  to  oontain  considerable 
amounts  of  iron.  The  addition  of  iron  ttlts  to  ,  the  cg^  subatanoe  caused  Teiy 
considerahle  increase  in  tho  oxygen  consumption,  an  effect  not  produced  fay  other 
uietallic  sjilts,  not  vxvn  by  manganese. 

Alcohol  extntcts  were  also  mtide,  ovaponited  to  dryni^i,  and  the  residue 
extracted  with  ether.  A  paiii  remained  undissolved,  and  this  part  amsumed  no 
oxygen,  even  on  the  addition  of  iron  salt.  The  ether  extract  was  evapomted,  and 
the  residue  susp^'uded  in  water.  This  suspension,  by  its^,  consumorl  no  oxygen, 
but,  on  addition  of  iron,  the  oxidation  amounted  to  as  much  as  that  of  the  original 
egg  sulkstance.  Substances  of  a  "lipoid"  nature  ait),  therefore,  responsible  lor 
the  phenomenon. 

Now,  Thunbcrg  (1911)  has  observed  that  lecitliin,  in  the  presence  of  inm, 
consumes  oxygen  at  a  considerable  rate;  and  lecithin  is  present  in  the  egga. 
Further,  we  navr  seen  re:i.Hon,  in  preceding  pages  of  this  chapt<»r,  to  hold  that  the 
activity  of  the  proxiflnscs  of  the  cell  dcjiotuls  on  fbrir  crmtent  in  iron  (or 
manj^anese).  Itut,  since  lecithin  \e  only  slowly  autoxidiMible,  its  oxidation  woold 
need  to  be  aeoelerated  by  Mrs  Onslow's  *'  oxygenase.**  A  further  difficulty  is  the 
absence  of  carlN>n  dioxide  production,  both  in  the  cyt^lyaed  eggs  and  in  the  action 
of  iron  salts  on  Iccitbin. 

According  to  ii)fn?  niation  given  me  by  Dr  W^'i/.siicker,  Warlmrg  has  recently 
found  that  the  amount  of  potassium  cyanido  nx^uired  to  stop  oxidation  in  the  v^g 
cells  ci  the  sea  urdiin  is  predsely  e<{ual  to  that  required  to  oombiue  with  the  iron 
which  they  contain.  This  fact  distinctly  poin^  to  the  inm  as  the  catalyst 
concerned  m  oxidation.  It  is  difficult,  however,  to  sci-  (  Xiirtly  what  compound  ol 
iron,  containing  cyanide  ion,  could  he  reversiV)1c  under  tlu-  conrbtion.s  of  the 
lif(>  f>f  the  cell.  It  must  be  a  complex  ion  ot  the  nature  of  the  ferroivanic  ion; 
but  it  is  not  a  simple  process  to  recover  the  iron  from  such  compounds  un<ier 
conditions  which  would  be  possible  in  a  protoplasmic  system. 

Vernon  (1914,  p.  220)  points  out  that  the  indophenol  oxidase  Ls  inhibited  by 
narcotics  in  n  sorios  corrcspondiTiq  to  1  hoir  an»»«thetic  action  on  tadjx)lcs,  and  draws 
the  conclusion  that  tiu?  oxitiation  ptDccss  is  connectc<i  with  lijvoid'  Tlie  fact 
cortainly  shows  that  surfaces  play  a  part.    Nucleo-proteins  are  shown  not  to  do  so 

Mode  Adion  of  « <9lnt«l«ir0.^~.Warburg  (1914,  p.  337)  suggests  that  the 
essential  importance  of  structure  consists  in  the  presence  of  surfaces  for  condenHh* 
tion  of  the  catalysts  active  in  the  cell  proces.ses ;  in  other  words,  for  adsorptii>n. 
The  action  of  nan;otics  of  the  alcohol  series  is  much  greater  on  the  fciTncniative 
power  of  yeast  cells  than  on  that  of  the  press  juice,  apparently  U'causo  tlu  <c 
substances  are  highly  adsorbed  and  drive  off  the  enzymes  from  their  i>tau^  of 
condensation  on  the  surfiaoes  (see  the  paper  b^  Warbui^,  1913,  1,  p.  20). 

This  observer  does  not  think  that  the  view  of  s(>parate  "  reactioti  chainU^rH,** 
althou<^h  it  may  apply  tn  other  i  lvfni'  nl  reactions-  in  tho  cell,  is  upplieabln  to  the 
case  of  oxidaticm,  because  the  lhn< !  (  nif  nts  i<resuiiiablv  contained  in  thes*-  s|vic«« 
can  Ije  changed  by  diffusion  ia  cmLaiu  cases,  without  affecting  the  oxidatiun 
processes.  It  does  not  appear  to  me,  however,  that  the  evidence  is  suffideotly 
convincing  to  show  that  the  essential  contents  were  actually  changed  in  them 
inst^inces.  The  a^rtive  contents  of  the  hypothetical,  ultra-microsfXipie  vacuoles 
n)t<]fht  be  tnfliffusible,  or  held  by  adsorption.  Probably  both  surface  condensatioa 
and  iiiit  rom*opic  reaction-chambers  play  a  part. 

There  are  some  further  ex[)erunenta  by  Warburg  (1913,  2),  which  reijuuv 
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mcAtioD  here.   Mammaliaii  Uver  was  rubbed  with  amm],  water  added,  and  the 

niixtun>  t*i>ntrifu;^  foT  ten  minutes.  A  suspension  of  fine  particles  was  obtained, 
w'hi(*h  hIim/iUhI  oxy!?Rn  and  g»ivo  off  (arlxni  dioxide,  thus  confirming  eei'tain 
bUit<»n»cnts  of  BattcHi  and  Stem  witli  i-espect  to  \viit<'r  solvd)lo  pespiratinn.  '  The 
amount  of  oxygen  consumed  was  about  one-fitth  of  tliat  ix>iLsuine<l  by  tiie  intact 
liver  in  an  equal  time.  The  remaining  four-fifths  are  what  Battelli  and  Stem  call 
the  "chief  respinition"  (1909).  Tlio  particles  were  small  enou^'li  to  show  Brownian 
ii)«nement«,  but  wci-e  removed  by  filtration  throus^b  a  Ik-rkefeld  filter.  No  doubt 
they  would  he  removed  by  the  liuebner  method  in  Harden  atid  Maclean's  work. 
The  Bcrkefeld  filtrate  certainly  showed  a  slight  oxygen  consumption,  about  one- 
twenty-fifth  of  that  of  tiie  entire  liver,  but  there  mi^t  have  been  a  few  ultra- 
ndcroseopio  particles  present 

ENEBGBHC8  OF  OXIDATION  IK  CELLS 

Aa  frequently  pointed  out  already,  the  energy  required  for  the  various  purposes 
of  the  organism  is  derived,  except  in  very  special  ca.ses,  entirely  from  oxidaticm. 

five  nei^ssity  of  considerable  combustion  in  muscle  cells  doing  external  work  is 
l';ir,  MS  also  where  gland  cells  are  p<Tfomiing  osiiinti*-  wi.?k.  But,  as  ^\'f^•bll^'tr 
pomU(  out  (1914,  pp.  256-258),  liie  oxygen  consaiupcion  0/  nuiiealeiii  biuod 
corpuscles,  of  the  central  nervous  system  and  of  the  developing  egg,  is  difficult  to 
understanil,  since  there  is  no  apparent  work  done,  witli  the  exception  of  a  minimal 
amount,  lliis  is  especially  noticeable  in  the  last  case  referred  to,  since  the  rate  ol 
oxid.it has  no  relation  even  to  the  morphological  changes  taking  place.  What 
tlien  U'ci>nirti  of  the  energy?  It  woukl  seem  wasteful  if  it  were  merely  degnuJed 
to  heat.  Warbuig,  therefore,  makes  the  suggestion  aln^y  referred  to^  that  there 
msy  be  work  done  in  a  wuy  that  is  invisible,  but  yet  indispensable  It  may  be 
required  to  maintain  the  ''structure"  of  the  cell,  in  the  sense  of  preventing  the 
mixing'  <»f  eon^titocTits  )ty  diffusion,  in  maiutnining  intnet  ct»rtain  pnipei-ties  of 
the  heiiiij>eniu'able  luciiibmnes,  such  a«  eh't  imv  (*]mr*,'e,  (»r  jxissibly  irreciprocal 
fiermeability  and  other  static  of  which  we  have,  at  present,  little  knowledge. 

The  relation  of  oxygen  to  the  work  of  the  muscle  cell  has  beoi  given  in  some 
detail  above  (page  446),  and  ref(>rence  also  made  to  the  work  of  .se<  i-otion  and  so  on. 
In  the  present  place,  some  inlerrstiiif,'  im  tstigatioiis,  cliit  My  l)y  Mey«  iht)f,  on  the 
total  energy  changes  of  certain  iM>lated  evils,  as  indicat<Mi  by  heat  production, 
way  berijferred  to. 

Experiments  on  whole  orgurusms,  such  as  those  done  by  Rnbner,  Benedict, 

Mutfionald,  etc.,  ahow  that  tbe  lu^it  production  is  fNractically  identiciil  with  the 
loss  of  chemical  energj'  of  the  footl-stuffs.  Bohr  and  HnsM-llxilch  (1903)  determined 
the  heat  pro*bif  tii»u  of  the  developing  rhirk,  comparing  it  with  the  respiratory 
exchange,  an<l  tound  it  to  be  identical  with  t))at  of  fat,  as  indicated  by  the 
respiratory  quotients  The  laet  u  interesting  as  showing  that  the  formatkm  of 
tlie  morphological  structures  which  contain  nitrogen  uses  up  no  measurable  amount 
of  en«rgy. 

The  experiment*  of  Meyerhof  (1911)  were  concerned  with  the  developing  eggs 
of  the  sea  urchin.  The  "caloric  quotient"  was  finst  determined.  This  i«  the 
number  expressing  the  amount  of  heat  formed,  in  gram-calories,  per  milligram  of 
oxygen  consumed.  Previous  workers,  Zunts,  FflUger,  Rufaner,  found  this  number  to 
be,  neglecting  the  sec<mfl  decimal  place,  when  protein  is  bumt»  3*2;  when  fat,  3-Ii  ; 
when  carbohydral*-,  •■^4  tf*  .'^  f)  N(»w  that  of  the  developing  egg  is  lM'twe<'n  2*55 
and  2-9.  This  nuinU  r  is  m  ule  slightly  lower  if  the  heat  of  solution  of  airlnjri 
dioxide  an<l  that  of  itM  conibiuation  to  sodium  bicarbonate  is  taken  into  account. 
This  vaiuf^  moreover,  remains  the  same,  whether  fertilised  or  unfertilised  eggs 
•Axv  taken,  or  if  cell  division  is  prevented  liy  the  presence  of  phenyl-urethane,  as  in 
Wnrbtrrg's  experimentK.  Tf  \v(»rk  had  Imh'H  ddiie  in  formation  of  rfwii-sr  m<^rpho- 
I'^ical  structures,  it  is  plain  that  the  values  could  not  be  the  same  in  these  difl'ereut 

It  will  he  remembered  that  Warburg  showed  that  ammonia,  which  enters  tbe 
oelh^  stops  cell  division,  but  increases  slightly  the  oxygen  consumption.  Now 
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in  8Qch  cases,  Meyerhof  found  the  caknrio  quoti^t  raised  to  3*3.    If  tibe  beat  of 

combination  of  ammonia  with  carbon  dioacide  be  deducted,  the  value  £aUs  to  2*96 ; 
but  this  is  the  maximum  deduction  pennissible,  so  that  the  vii^ne  is  oeftMofy 
raised  above  tlu*  iioniial  one. 

Ab  to  the  lueHuiu!^  of  the  low  value  of  the  caloric  quotient,  no  evidence  of  the 
presence  of  carbohydrate  was  to  be  found,  and  there  was  no  bfcftJcdown  of  ptvitnn. 
Fat,  on  the  other  hand,  was  found  in  sufficient  amount  to  cover  tlie  heat  produced. 

Further  oxperimrnts  (1912,  1)  wore  made  with  nucleated  blood  corpuscles  of 
birtls.  In  this  rase,  a  "uDnnal"  mloric  quotient  of  a  value  l)r*twpen  that  of 
proloin  and  fat  wau  found.  As  Meyerhof  remarks  (1912,  2,  p.  1),  it  can  scan<!eiy 
be  an  accidental  coincidence  that>  when  the  normal  caloric  quotient  was  found, 
the  cells  were  in  a  stAtionary  condition,  in  the  other  case  in  active  multiplioation. 

In  the  case  of  aei'obic  bacteria,  Meyerhof  (1913,  2)  finds  that  the  caloric  quotient 
is  from  I  fi  to  4-7,  whether  growth  is  in  progress  or  inhibite<l  liv  (leficiency  of  focxi 
material,  b(*in«  rjither  higher  in  the  latter  case.  This  high  quotient  seems  to  he 
due  to  reactions  in  the  nutrient  i>olution  brought  about  by  product«i  of  bacteriil 
action. 

Horace  Brown  (1914,  p.  2*23)  finds  that  the  heat  production  of  3rea8t^  aa  groivn 
in  fennenting  sctlntions,  is,  weight  for  weiglit,  somewhere  aliout  s<n*entv  times  as  great 
as  that  of  a  man  at  rest.    An  ex{)lanati*tn  of  thus  relatively  eriormuiis  metabt>l isnt  b 
suggested  on  the  basis  of  the  abuoruiai  conditions  under  which  yeast  is  cultivated 
for  industrial  purposes,  as  compared  with  its  natural  habitat  on  the  outer  akiD  of  ' 
fruits.   It  must  be  remembered  that  we  know  now  that  there  ia  no  invene 
proportion  between  fmnentation  and  growth.    In  absence  ol  Oxygen,  no  growth  I 
takes  place,  but,  as  Pasteur  ';1k>w<^1,  the  fernientnfion  process  go»*s  <»n  with  vigour. 
The  cells  remain  oonstjint  in  maijs  and  in  composition,  so  that  no  cncr'gy  is  n^ded  ■ 
for  growth,  yet,  as  Horace  Brown  puts  it  (p.  224),  "thei'e  is  an  eoonnous 
activity  in  the  metabolic  mill,  through  which  continues  to  pass  an  amoont  of 
substance  which  may  amount  to  several  times  the  mass  of  tho  cell  in  a  few  hours.'* 

Fin  tlier  considerations  on  the  question  of  anaerobic  existence  will  be  found  hi 
the  next  cliajiter. 

In  the  pa|H'r  referrcii  to  (p.  22C),  Horace  Brown  states  that  he  has  obtaiiutd 
evidence  that  less  heat  is  evolved  from  the  same  amount  of  sugar  fermented,  when 
growth  is  taking  plaoe^  than  in  its  absence.  Quantitative  meaauremeiita  of  Has 
kind  would  give^  of  course,  what  might  be  called  the  '*heat  of  fonnatm*  of 
yeast. 

THE  OXIDATION  POTENTIAL  OF  CELLa  IN  THE  ORGANISM 

The  experiments  of  Ehrlich  (1885)  are  of  much  interest  in  this  respeet, 

althoML'h  they  are  not,  in  all  cn^e^,  ejusy  t^>  iMtcf]>iM»t.    Two  dyestuffs  were  used  in 
intra%e'n<»us  injection,  both  rap:il)lt*  of  oxulatiuu  and  reduction.    One  of  them 
ali/iii  iu  blue,  is  reduced  wit  li  diliiculty  ;  it  roquii-es  Ixjiling  with  caustic  alkali  ainl 
ghicose.    Die  other,  indoiOienol  blue,  is  more 'easily  reduced. 

We  saw  in  our  first  chapter  that  living  })ri)toplasm  itself  does  not  stain  with 
soluble  dyes;  the  twf)  dyes  usetl  in  Khrlich's  experiments  were,  .nx-ordingly, 
intrcKlucetl  in  the  form  of  susjM»nsiuns,  or  colloidal  solutions,  and  the  pnrticles  werv 
then  taken  up  by  the  cells  of  various  organs  and  found  therein  subtiequently,  either 
as  the  reduced,  oolouriess  derivative^  or  the  oacidiBed,  blue  one^  aooording  to  tht 
oxidation  potraitial  of  the  cdl  S3^Btem. 

Alizarin  liiuf. — Tliis  dye  do<\s  not  Itccome  reduced  in  the  blood,  but  ia  reduced 
in  the  li\ei-,  tlic  renal  coi-tex,  t)i(  Harderinn  gland,  and  the  lungs.  Tlie  rtmount 
taken  up  (ie|H'ii(ls,  as  would  be  expected,  on  tho  permmVulity  of  the  eel!  memrinnie. 

Iitditphenol  liLue. — The  heart  and  the  bruin,  together  with  certain  voluntary 
muscles,  such  as  the  diapnragm  and  the  eye  muscleB,  are  Uua  Some  aecretiog 
glands  also  do  not  reduce  tho  dye.    By  all  otlier  organs  it  is  reduced. 

In  general,  it  may  be  naid  (Ehrlich,  p.  100)  that  the  reducing  power  of 

protoplasm  lies  between  that  required  by  alizarin  blue  and  by  indophenoi  blaa 
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Bnt^it  is  to  be  remembered  tliat  "prot<>plii8in,"  im  used  here,  mcuna  the  cell 
eonstltiients  as  a  wbofeu 

The  organs  may  be  divided  into  three  groiipB : — 

1.  Tho8e  of  high  "oxygen  saturation,"  in  which  indophcnol  blue  is  not  rednoed. 

Such  aro  tho  ijx^y  matter  of  the  brain,  the  henrt,  and  some  other  muscular  organs. 

2.  Those  which  n-duce  iiidophenol  blue,  but  not  alizarin  blue.  Such  are  the 
greater  ituinber  of  the  tissues,  suiooth  muscle,  most  voluntary  muscles,  and  secreting 
glands. 

3.  niose  which  radnoe  even  alisarin  Una   Lnngs^  liw,  fatty  tissue,  Harderiaa 

l^and. 

As  to  the  nu'jining  of  tlie  facta,  Ehrlich  points  out  that,  in  activity,  as  also  in 
asphyxia,  practically  all  cells  become  highly  reducing,  and  that  the  state  of  a  cell 
at  any  given  moment  depends  on  the  rate  at  wbseh  it  oonsnmes  oxygen  hi  relation 
to  that  at  which  it  is  supplied.  At  the  same  time,  it  is  necessaiy  to  assume  that  a 
series  of  substances  of  different  reducing  power  make  their  appearance.  Thus,  a 
subsbmcc  which  has  less  affinity  for  oxygen  f  liun  alimrin  hhic  has  cannot  reduce  it^. 
and  a  further  sta^i'  of  retluction  must  occur  before  this  takes  place. 

The  important  quention  of  the  facility  of  access  of  oxygen  belongs  to  those  to 
be  discussed  in  the  next  chapter. 

The  fact  that  fat  tissue  has  so  high  a  reducing  power,  shows  that  oxygen  avidity 
is  not  necessarily  to  ha  ascrilxHi  to  great  functional  aipa<i;ity.  Tlie  cliemieal  nature 
of  eertain  permanent  constituents  of  tin;  cell  nnist  be  taken  into  uc<  «>nrit.  This 
sliould  be  kept  in  mind  with  regard  to  the  paradoxical  experimental  tact  of  the 
rodoeing  power  of  the  lung  tissue.  Ehrlich  ascribes  the  pro|>erty  to  the  stroma 
cells,  not  to  the  ali^lar  epithelium,  and  suggests  that  it  may  he  due  to  an  appn^pri- 
ato  rehitive  impermeability  of  these  cells  to  oxygen,  so  that  they  shall  not  onneoes^ 
sarily  retard  the  aeration  of  the  blood. 

THE  PRODUCriOK  OP  LIGHT 

After  what  we  have  learnt  in  the  present  and  precwling  cliapters  in  connection 
with  the  phenomena  of  auU>xidation  and  their  relation  to  catalysts,  together  with 
that  of  chemi-laminesoenoe^  further  1»ief  reference  may  pn^tably  be  made  to  the 
problem  of  the  emission  of  light  by  living  organisms. 

One  of  the  most  important  practical  (jucstions  at  tlie  present  time  is  that  of  the 
improvement  of  the  efficiency  of  our  niethiKls  of  artificial  llhnniTiation.  The 
majority  of  these,  as  used  now,  dcpen<i  on  the  emiusiou  of  light  by  .stibst^inces  when 
heated  to  a  very  high  temperature.  The  higher  they  can  be  heated,  the  greater  the 
proportion  ti  ught  to  heat  rays.  Henoe  the  advantage  of  the  metollic  filament 
lamps  over  the  old  carbon  fihunent^  and  eq»eciaUy  that  A  the  dectrio  are  over  other 
forms  of  illuminaTit. 

Wo  have  seen,  liowever  (p*ige  557),  that,  in  the  phenomena  of  chcun- 
luminescencc,  we  Itave  light  emitted  at  temperatures  far  below  tliose  to  wliich  it 
wonld  be  neoessary  to  heat  a  metallic  wire  in  order  to  obtain  light  of  the  same 
wave  lei^lli.  We  may  put  it  thus,  chemical  energy  is  taansformed  directly  to 
light  energ}',  without  passing  thmugh  the  st^ito  of  heat. 

Now  the  problem  appears  to  have  Imiii  solved  l»y  numerous  orgjntisTTjs,  although 
the  quantity  of  light  they  emit  is  not  great.  Auioiigst  these  organiMus  we  may 
mention  fungi  (including  hactoria),  protozoa,  medusie,  insects,  molluscs,  and  fi^ 
For  Individaal  details  of  these  organisms,  the  reader  is  referred  to  the  articles  by 
Hang.>ld  (1910),  Dubois  (1903,  1913),  Coblents  (1912),  and  for  plants,  Moliseh 
(1904). 

The  fact  Umt  li\  ing  cells  can  emit  light  shows  at  once  that  the  fact  is  not  due 
to  their  temperature,  as  in  the  ease  of  the  oixiinary  sources  of  light.  Phosphorescence, 
m  the  true  smse,  requires  previonr  exposure  to  light,  and  is  easily  exduded.  We 
Mre  left  then  with  phenomena  rdated  to  ehemi-luminescence. 

Spectral  examination  shovrs,  ncconlini;ly,  that  the  li;i,'ht  is  limited  to  the 
middle  region  of  the  t^^ectrum,  usually  having  its  maximum  in  tlie  green  (Langley 
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and  Very,  1890).  V\**.  183  gives  phot<)*;mph.s  of  the  spectrum  of  the  light 
of  the  lire  fly,  Uikeii  by  Cohleiitz.  It  will  Ih.^  seen  tlmt  the  spectrum  extends 
considerubly  less,  both  towiiixls  the  red  and  towanis  the  violet,  timn  tliat 
of  thti  nirlx»n  filament  lamj).  It  is,  in  fact,  accorrling  to  Coblentz,  wry  like 
that  of  an  ideal  rmliatoi-  at  a  tenip<?mtun*  of  5,000  .  Ijan<i;ley  and  Very  (1890) 
showed  that  the  heat  rmliation  of  Pyrophonis  iioctilucus  (a  S«»uth  American 
beetle)  is  only  one-four-huniinilth  t>f  that  given  out  by  inciindesccnt  sources, 
such  as  candle  lij,'ht,  nMhi('e<l  to  the  same  luminosity. 

In  its  ehemiciil  jisj^K'ct,  the  phenomenon  is  evidently  an  oxidation.  In  many 
eases,  the  eessiition  of  light  in  al)«ence  of  oxygen  and  its  it«pj^>eji ranee  on 
admission  of  oxygen  have  been  dumoustratod.    The  nature  of  the  substance 


Fio.  isn.    LinHT  or  fiuk  fly  comparkd  with  that  or  artiticial  soimcKS, 

A,  Phot^voaphs  of  Hnwtnim  o(  carl>on  ^'low-lamp,  for  difTercnt  exposurea. 

B,  PtioU>vTaph<-«l  s]M>4-trn  of 


1,  lii  liiiiii  \iy-tiiiiu  tiil»e. 

2,  (3irlMiii  (rloM--lAni|i.  four  wntti  per  ranflle  powpf. 


3,  5,  Mid  r>,  flre-fir,  Photinut  jn/ralit 
i  aiHi  7,  fire  fly,  Photinut  yenturplcaniea. 


The  coloum  of  lh«'  lirijrht  liiu"<*  in  tin-  tqHH-tniin  ret  •  hi-  top  »rr  a»  follows: — 

•447  M.  t»lue.     471      Mtiifli  K»>^'"-  f^,  trrvvn.     .WJl     yellow.    ■0078     red«Ui«h  onui^.     -TOfiS  M.  r«4 

Nole  that  the  li^'ht   itti><l  by  the  Are  fly  i"  conflned  to  the  niiddir  rejrion  of  the  mH>rtnnii  and  i«  most  intrnfle 

in  till*  yllow-^'rt^n,  Mhik-  th:il  <>f  thv  ('«rlH>ii  ^doM  -lainp  is  nuMl  iiiti-niM.'  in  thf  oraii^f  (wf  the  ui>|MTtno><t  tiMt  tnim 
in  A,  U'low  thf  hri>rht  lint-  i"oui|«%ri.Hon  H)Hi  inini).  (CoMentZ,  1912.) 

(Camcf^ie  Institution  of  Washington.) 

oxidi.HiHl  is  not  yet  known.  The  jwrticular  ease  of  Ph*)las  has  been  referred 
to  abi>ve  (fvige  362).  Aceonling  to  Duliois  (1913),  the  oxidation  here  is  under  the 
control  of  an  enzyme,  an  "<»xidas4'";  the  secretiim  is  luminous  after  removal 
from  the  eells,  as  can  i-eadily  Ix*  verifie<l.  In  any  ca.se,  the  reactitm  seems  to 
bf^  in<lo]M'n<l«*nt  of  thf  "  vitjil"  activity  of  cells.  Schultze  (1864)  finds  a 
suKstnnce  whieh  reiluees  osmic  acitl  in  the  luminous  organs  of  the  glow-worm, 
proltnbly  a  derivative  of  oleic  iwid. 

Theiv  is  evi«l<iuH»  that  a  certain  small  amoimt  of  heat  is  <levelope<l  in  the 
active  glan<ls  of  the  fiiv  fly  (G»blentz,  1912,  p.  33),  but  this  ap|H'ars  to  be 
associatj'fl  with  tlu'  se<'retorv  j)ro<'<*ss. 

WatiM-  is  necessjiry.  Dried  material  can,  however,  be  brought  to  shine  again 
by  moistening. 

Although  the  prcxlnetion  of  light  can  <XM;ur  by  reaction  with  oxygen  of 
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subgtaiu  os  formed  in  the  cell,  in  many  casov  the  pnKT<?s  takos  j>lace  already  inside 
the  ceil  itoelf.  In  other  cu.^^es  the  luminosity  does  not  luaku  ito  appearance 
until  Che  aeeretion  is  extruded. 

According  to  Dnboie,  there  are  two  subetances  conocrned,  an  enzyme, 
"  Inciferase,"  and  an  oxidisable  compound,  '*  Inciferin.'*  Newton  Harvey  (I9I5- 
1920),  in  an  extensive  series  of  investigation?  on  various  organisms,  hn«  .Kl^hMi 
much  tc  our  knowledge.  Luciferin  is  tlu  rmostable  and  tliflrusil)le.  It  is  oxidist'd 
in  presence  of  oxygen  by  luciferasc,  which  behaves  as  a  Hpccilic  peroxidase,  to 
oxyladferin,  light  being  given  oflP  In  the  {Hrocess.  It  was  impossible  to  detect 
any  evolution  of  carbon  dioxide  or  production  of  heat.  Potaasium  cyanide  does 
not  prevent  the  productiun  of  light.  The  reaction  regarded  as  lieing  similar 
to  the  oxidation  of  lenro  nu'thyleuo-blue,  in  whicii  hvdrogen  is  removed  to  form 
water.  The  oxidation  product  in  neither  case  can  be  reduced  by  mere  expcwure  to 
aero  tension  ol  oxygen.  A  greater  reduction-potential  is  required,  such  as  that  of 
the  reduoase  system  ol  milk  or  veast.  It  is  a  remarkable  fact  that  light  itself  reduces 
oxylnciferin.   Thus,  the  reaction,  inclusive  of  liglit  energy,  is  a  reversible  one< — 

Luciferin  <LU^ + 0  oxylucif erin  (L)  +  H,0 + light 

An  extraordinarily  small  amount  of  the  active  substance  is  needed  to  give 

perceptible  light. 

A  third  suUstanoe,  "  phot/iphelein,"  introduces  experimental  difficulties.  It 
behaves  like  .saponin  in  driving  off  luciferase  from  an  inactive  adsorbed  state. 
Hence,  when  added  to  a  mixture  ollneiferin  with  such  luciferase,  light  is  produced. 

The  use  of  the  production  of  light  to  the  organisma  theniselveo  is  somewhat 

pro)t!f>mat!r{il.     It  may  serve  t<»  attnict  prey  aiid,  in  some  cases,  it  appears 
to  assist  Uie  progression  of  the  organism  in  t^e  dark,  like  an  ordinary  lantern. 

THE  COLOURS  OP  FLOWERS 

In  connection  with  chloropliyll  and  with  oxidation  en/,yine^  the  nature  of 
the  coloured  pigments  of  flowers  u  of  interest.  As  Willatatter  points  out,  it  is 
a  suggestive  fact  that  the  vitally  important  leaf  pigment  is  the  same  in  all 
plants,  whoreas  those  of  the  flowc^r  are  of  various  rh(nni<al  constitution.  Muriel 
Wheldalc  ( 191 1,  IIH 3)  showed  tliat  tlm  pignu-nt  of  the  snapdra;i.>n  is  rehitetl  to 
the  flavuuc8.  Tiiis  was  (x>nfirmed  by  WUbUitter  and  Everest  (lt>i3),  and  extended 
to  the  ptginents  of  other  flowers.  Vlav<me  is 

H  /)  M  H 

H/^/   (_)>H 

Illis  qvlnoiiold  straeture,  as  Is  well  known,  is  assodated  with  coloured 
inbstances. 

In  the  flower  pigments,  the  oxygen  atom  marked  (A)  is  replaced  by  hydrogen, 
«rhilea  varying  nurnU'r  of  the  benzene  hydrogens  are  oxidise<l  or  ivplactMl  by  other 
groups.     In  the  salts,  the  oxygen  atom  at  the  top  of  the  ring  becomes  quadrivalent. 

In  the  riower,  the  flavone  derivatives  are  combined  with  glucose  to  form 
glucosides  and  are  capable  of  oxidation  under  the  influence  of  an  oxidase.  Thus 
Keeble^  Armstrong,  and  Jones  (1913)  found  that  the  yellow  sap  pigment  of 
the  wallflower  is  a  mixture  of  hydroxy-flavone  glutxwides.  Iliese  are  readily 
hv.lt  olv^-f'^l  bv  mineral  acids,  or,  more  slowly,  by  emulsin.  The  hydrolysed 
product,  if  reduced  and  again  oxidise*!,  give.s  a  retl  pigment. 

An  interesting  fact  is  the  occurrence  of  the  colourless  chromogen  (roilm^ed 
mgnient)  in  the  flower,  together  with  both  an  oxidising  and  a  roilucing  tMi/ymo. 
!nie  former  is  active  in  water,  inactive  in  alcohol.    The  latter  is  inject ivo  in 
water,  active  \\\  alcohol.    Or  perhaps  this  rodnring  en/yrn'-  is  r)Vorpo\vtM-»Ml  in 
Water  by  the  opposite  action  of  the  o.xidase.     Tlic  colour  thus  «iisap|»cai-H  i,, 
alcohol,  r«»turns  in  water.    In  our  discussion  of  the  bynthctic  action  of  en/.yi,,,  .^ 
we  saw  roasoQ  to  believe  that  there  are  mechanisms  io  the  cell  ca|)able  of 
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reducing  the  eflFective  concentration  of  water,  !ind  we  see  here  that  the  r^novi} 
of  water  retards  oxidation,  and  thus  facilitates  the  action  of  reducing  enzjfliei. 
The  Mendel  ian  factors  are  discussed  in  Miss  Wbeldale's  book  (1916). 

SUMMARY 

There  are  some  substances  which  are  oxidised  bj  the  oxygen  of  the  air.  Others,  < 
and  these  are  the  food-stufis  ol  most  physiological  importance,  require  the  ozjgM  | 

to  be  made  "active,"  as  it  is  often  called.    In  other  words,  the  system  which  causes 
the  oxidation  of  such  siil)stanoeB  as  sugar  most  have  a  higher  oxidation  potentisi  i 
than  molecular  oxygen  has.  ' 

It  seems  to  be  most  in  accordance  with  experimental  facts  to  suppose  that  it  is 
when  in  the  process  of  changing  its  valency,  or  electric  charge,  that  r»xygeD  is 

"  active."    This  conception  is  practically  the  same  as  that  of  the  nascent  state.   lo  i 

the  course  of  another  reaction  oxidative  efl^ts  are  f re^oently  obtained,  sodi  st  | 

oxygen  atone  is  unable  to  bring  abouL   Chemical  energy  is  thus  made  use  of  hsion  . 

it  has  become  degraded  to  heat^  | 

When  a  substance  undergoes  "  autoxidation  "  by  molecular 
two  oxides  formed  in  H«|uivrtlent  proportion.    In  the  production  of  the  lowor  oxide,  i 
energy  is  given  oui,  and  this  energy  is  utilised  to  build  up  the  other  oxide,  whi<  h 
is  a  peroxide,  and  has  a  higher  oxidation  potential  than  the  original  system.  Thr 
reaction  is  what  is  known  as  a  '*  coupled  reaction." 

There  is  reason  to  believe  that  reactions  between  three  or  more  diffsrent  mole-  . 
cules  at      same  time  rarely,  if  ever,  take  place.   Probably  all  reaotioDS  occur  in 
stages  between  two  molecules  at  a  time. 

Those  peroxides  produced  in  the  lAitoxidation  of  phosphorus  and  in  some  other 
cases,  have  a  considemhly  higher  oxidation  pnt^^ntial  than  such  peroxides  as  that  of 
hydroj»en.    In  the  presence  of  water,  as  in  the  livin<:j  cell,  peroxides  of  the  fonoer  ' 
typo,  if  pr(Mluced,  react  with  water  to  form  liydrogen  peroxide. 

isu^  iiuch  a  peroxide  >is  that  of  hydrogen  has  not  sufficient  oxidation  power  to 
bring  about  the  combustion  of  glucose,  for  example.  But  there  are  Inoigsoic 
catalysts*  such  as  iron,  and  also  enzymes,  caUed  ''peroxidases,"  which  decompose 
hydrogen  peroxide  with  the  liberation  of  "active"  oaiygen.   These  latter  ens^nHs 

are  found  in  the  living  cell. 

Since  the  oxidations  brought  about  by  vv]h  do  not  oeeur  in  tlie  absence  of 
oxygen  although  a  jHToxidaso  is  present,  we  niuyt  conclude  that  the  peroxide  is 
abeent.  Hence,  the  peroxide  is  formed  by  the  action  of  nioiucuiar  oxygen  oo 
some  autoxidisable  substance  in  the  cell. 

In  the  actual  process  oi  autoxidation,  another  substance,  itself  difficult  of 
oxidation,  may  bo  drawn  into  the  reaction,  as  it  were^  and  become  oxidised.  Bat 
tiie  peroxides  also  formed  in  the  process  are  acted  on  by  the  peroxidase  of  the  cell, 
with  formation  of  additional  "active"  o.xygcn. 

Artificial  oxidiitlon  systems,  similar  to  the  natnnil  ones,  oxitlasfiK,"  can  be 
made  bv  the  assot  iation  of  colloidal  hydraxidf's  of  ir m  or  inanganebe  witli  an 
emulsoid  colloid.  The  function  of  the  latter  appears  t-**  l»e  that  of  maintaiuuig  Uit 
active  constituent  in  a  state  of  high  diq>6ndon  and  protecting  it  from  aggregatkm 
by  electrolytes. 

living  tissues  also  produce  reducing  system^  which  require  the  preaenoe  of 
Substances  such  as  alddiydes  in  order  to  show  their  activity. 

In  these  reduction  pruoesses,  the  reacttons  called  **hydrolytic^xidative' 
reducing  "  have  to  l)e  UxVim  into  account.    The  explanation  of  i\w6se  reactions,  as 

given  bv  TJa<  ]i.  will  !«•  foinn!  in  the  text.  Thev  neem  to  consist  in  tin-  >nipoKition 
of  water  and  the  tnniialion  i>t'  "unst-!il>le  cnmplexes"  of  hydrogen  and  bydfuyl 
ions  with  water  nioltx;ulL%s.  Tiie  former  actts  u«  oxygen  pcriiydride,  the  latter  ii 
the  hydrate  of  hydrogen  peroxide. 
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The  perhydride  is  apparently  decomposed  by  tin  enzyme,  "  psrhydridase," 
rinalogouH  to  peroxidase,  with  tfu*  tbctivatioii  of  hydrogen.  An  enzyme  of  this 
n«itur(;  lias  Ixjun  [»repared  fnmi  iiwv. 

In  the  living  coll,  the  proHeiict;  of  autoxi  lisnble  suhstui'ps,  tf>.;i;ther  with 
pcroxiduse,  is  not  in  ititelf  sufficient  to  bring  abjut  the  oxid.ilion^  whicli  actually 
ucenr.  Disint^raium  of  the  cell,  as  hy  rubbing  with  snnd,  nearly  puts  an  end  to 
the  conaumption  of  oxygen  by  it^  although  the  cell  ooustituents  are  all  present  as 
chemical  compounds. 

Thej«e  constituents  must  be  organised  into  some  kind  of  a  mechanism  or 

structure.  Tlii^  is  not  the  ordinary  .struetun'  visible  tintler  the  microscopOi  sinoe 
the  latter  may  be  unaltered,  but  tiie  power  of  consuming  oxygen  absent. 

There  are  some  facts  wliit  h  slmw  that  a  certain  dvjv<-<'  of  oxygon  consumption 
may  remain  after  disint^'gr.ition  of  the  morphological  .structures  by  rubbing  with  sand. 

The  properti(!.s  of  the  cell  membrane  are  of  importance  for  the  oxidative 
processes  in  the  cell. 

The  {mportnnfo  of  "structure,"  no  doubt,  consists  partlv  in  the  provisif)n  of 
surfiicett  for  adsor^ition  and  aotivatiun  l)y  ctincentration  of  the  catalysts  (  (jncerned 
in  the  oeW  procei».ses.  Probably  the  maintenance  of  ultra  niictoscopic  "  reaction- 
diambers»"  by  provision  of  semipermeable  membranes^  also  plays  a  part 

Certain  fine  particles  have  been  sepjimted  from  li\  (T  cells,  which  absorb  oxygjSn 
and  give  off  carbon  dioxide  to  the  extent  of  onchfifth  of  that  of  the  intact  cells. 

The  consumption  of  energy  by  cells  for  the  purpose  of  opposing  the  mixing  of 
their  constitucnti>  by  diffusion,  nmimaining  intact  the'  propcitics,  electrical  or 
otherwise,  of  the  sejui|)ermetib]e  membranes  and  tnj  on,  must  be  remembered 
in  the  interpretation  of  the  oxygen  consumption  by  tissues  which  perform 
no  external  work. 

There  Is  some  evidence  thal^  in  the  cases  of  yeast  and  bacteria,  energy  is  used 
up  for  the  purpose  6t  growth. 

The  reducing  power  of  tissues  depends  to  a  laige  extent  on  their  degree  of 

activity,  or,  in  other  words,  of  the  relative  rate  at  which  onygen  is  consumed  and 
5;npj>1if  (i    The  experiments  of  Ehrlich  cm  the  question  are  described  briefly  in 

the  text. 

When  organisms  emit  liu'ht,  it  is  by  a  process  of  chemi  luiniiH'Scence,  in  whicli 
the  wave  length  of  the  light  is  much  shorter  than  that  corresponding  to  the 
temperature  of  the  source.  It  is  an  oxidative  process  in  which  the  chemiod  enei  gy 
is  used  directly  f mr  conversion  to  light  energy,  without  passing  through  the  stage 
•  >f  lieat.  The  system  concerned,  although  secreted  by  cells,  is  active  apart  from 
living  protoplasm. 

Tho  nature  of  certain  flower  pigments  is  described  in  the  text  and  their  relation 
to  oxidising  and  reducing  cmzyuies  indicated. 
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RESPIRATION 

We  ha  VP  Rcen  in  the  provious  chapters  how  the  e«*«^ntinl  energy  chnnjr**'^ 
Hi-e  of  tlie  iiuturc  of  oxidation,  and  we  have  diRouss«-<l  thr  rtature  of  tlie  iuti'haiii>n! 
by  which  onHnary  luolucular  oxygen,  arriving  ut  the  cell,  is  rendci*ed  active  io  ordrt- 
to  burn  up  substaiMses,  not  otherwise  easily  oxidised. 

Oxygen  niu8t,  therefore,  be  supplied  to  the  oeUs  and,  in  varni -blooded  animafcs 
at  a  <'fnisi»l(Mal)l«'  rnU\  Tn  iinit  t'lliilar  origan isTiis,  no  special  meclianism  is  net*«a«ry. 
but  ill  larger  organisms,  it  is  clearly  of  importance  that  oxygen  should  be  coTn  cTf"! 
directly  to  the  active  cells,  witliout  liaving  to  diifuso  through  thick  layers  <>f  ci-lis 
themselves  eonsmmng  oxygen.  At  the  same  time,  provision  must  be  made  for  iht 
escape  of  the  CHhon  dioxide  formed  in  oombustioo.  The  mechanisms  eoncerned  in 
this  process  are  known  as  those  of  respiraiion, 

Tti  tin'  majority  of  oi'ganisms,  oxvjreri  is  conveyed  to,  an<l  larV^tn  dioxii^ 
I  t  [nu\rd  irorn,  the  tissues  in  a  sta^'  of  soivition  of  sonu'  kind  in  a  liquid  circulattn<: 
tiauugh  a  sybteni  of  tubes.  Tiiis  liquid  is  the  blood,  lii  lutiecte,  there  is  a  system  of 
ramifying  tubes  containing  air.  These  are  known  as  traehen^  and  the  air  oontained 
in  them  is  periorlically  changed  by  Tnuscular  movements  m  well  as  by  diffusion.  Id 
organisms  provi<led  with  circulating  blood,  there  is  usually  a  means  by  which  fre*- 
gaseous  iuten  linfi-^'e  of  bliMid  with  the  external  medium  containing  oxygf'n.  it 
water  or  air,  is  unabled  to  take  place.  In  water  animals  we  have  gills,  in  lan<i 
animals,  lungs.  Ariungements  are  also  present  by  which  the  water  or  air,  with 
which  the  interchange  of  gases  takes  place,  is  periodically  replaced  by  »  fresh  supply 
^is  is  done  by  the  aid  of  luuseular  movements.  The  external  anr^'e  of  th> 
ofL'MTii^m  Iwini,'  of  a  stithcii'iitlv  large  area  for  ga.set>us  exclmtige,  sjie<'ia1  ••riran- 
are  develr)ped  for  the  purpose  nf  affoixling  a  larger  sui'faee.  Tin-  nu'i  l\anisiii«»  luif 
referred  to  are  usually  known  as  thotiC  of  ewl*irfuU  respinUimiy  cinitra^^ttHi  wirh 
the  oxidation  process  in  the  tissues,  called  internal  reqtiratum.  Intervening 
between  the  two,  we  have  to  consider  the  prooeiis  by  whii^  oxygen  is  can  ie<l  in  the 
blo<Kl.  The  <|Uestion  of  internal  respiration  is  closely  connecteii  with  that  discussrti 
in  the  |*recefling  chapter,  although  there  are  some  aspects  of  it  more  appropriately 
debcnUni  here.  # 

THE  HISTORY  OF  THK  DISCOVEUY  OF  OXYGEN 

That  a  eontinuetl  supply  of  air  is  necessary  t<>  life,  at  all  events  in  thehiglier 
animals,  was  shown  clearly  by  llobert  Ihtok  (or  ll»M>ke)  (ItitiT,  p.  i>^\f)  in  experi- 
ments made  before  the  Royal  Society  at  some  of  their  early  meetings.  He  showed 
at  one  meeting  »  dog,  which  was  kept  alive,  after  removal  of  the  ribs  and  the 
diaphragm,  by  blowing  air  into  the  windpipe  with  bellows.  Hie  absence  oC 
convtjl<;ioris  w^as  noted.  These  riiado  their  appearance  when  the  supply  »>^  «ir  wr,s 
stopped,  hut  were  put  an  end  to  by  renewing  the  blowing  in  of  air.  lie  .showt>«J 
albii  lliat  the  actual  uuH-hauical  movement  of  the  lungs  had  nothing  to  do  with  tb<^ 
recovery,  as  had  been  supjxised,  since  he  caused  a  continuous  current  of  air  to  be 
blown  through,  and  allowed  to  (sscape  by  raeans  of  holes  pricked  in  tlie  lungs.  Hmk 
himself  points  out  that  "it  was  not  the  subsi»ling  or  movrle^sn«>ss  of  the  lungs  thai 
was  the  inmifHliate  <  ;nis«>  of  deiilh  <•?•  the  st<tpping  of  the  i  ii c\il.»ti< »n  of  the 
thi<»iii;h  the  lungs,  but  the  uxiiU  ot  a  sutiicient  «M///>^y  (j/'/renh  air."  (TbtJ  itaiict 
are  ui  the  original.) 

too 
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The  actual  constituent  of  the  air  that  is  required  was  not  recognised  until  the 
exfjeriinents  of  John  Mayt)w  (1674),  who  showed  that  it  is  wliat  we  now  call 
"oxygen,"  but  which  he  called  ^^tpirilua  nitro-<iereuSf"  identifying  it  with  that 


Fio.  184.    ToRTRArr  of  John  Mayow. 

(Prefixed  to  liis  Wk,  1674.) 

constituent  on  which  ordinary  combustion  dejwntlH.  Mayow  was  also  awaro  that 
this  substance  entered  into  the  blood,  and  was  indispensable  for  vital  activity  (sec 
Doiiiian's  reprint,  pp.  27  and  38). 

The  reader  will  probably  be  interested  to  have  bcfoit;  hini  the  actual  words  ukcU  iu  ouo  ot 
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Fh».  lH,'i.    Portrait  »)F  .T<»8KI'II  1*riI':stlky. 

(From  the  painting  l»y  KuHeli  in  Copie<l  from  the  print  in  the 

VatcM  Allium  in  the  puKKeRsiun  of  the  Uoynl  Sticiety.  By  fier- 
misftiun  of  the  Council.  Thu  signature  is  from  the  Oiarter 
Book  of  the  Royal  ISociety.) 
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two  pAStMf^es.  I  have  addcl  the  trannlation  given  in  the  "  Alembic  Club"  reprint.  Ou  p.  96 
of  Mayow's  lM)ok  wo  read  :  '*  Ncmpo  imprimis  pro  concesso  habeo,  Aercni  parliculas  (|ua8clam, 
quAB  alibi  Nitro-aereas  nuncupavinuis,  ad  Ignem  conflandum  oninino  necc.<i8aria.*i  continere ; 
atr{ue  cor  per  flamma;  deflagralionem  ab  acre  tixhauriri,  et  abRunii  ;  xXa  ut  i<lem  particulis  istis 
deprivatus,  in  futtirum  ad  igucm  sustineudum  proraus  iuidoneus  evadat,  uti  Bupra  ustcDduni 


/ 


eat.^  *'  In  the  first  place,  then,  I  take  it  for  granted  that  the  air  contains  certain  particluH 
tenne<l  by  us  elsewhere  nitn)  aerial  which  are  alxsolutely  indisperiHablo  for  the  pnxluction  of 
fire,  and  that  these  in  the  burning  of  6ame  are  drawn  from  the  air  and  removed,  so  that  the 
liitter  when  deprived  of  these  particles  ceases  to  bo  fit  for  supporting  lire,  as  has  been  Hh«.wn 
above"  (p.  67  of  "Alembic  Club"  translation). 

On  p.  299^  "Circa  rcsnirationis  er^o  usum  affirmaro  fas  sit,  nonnihil,  quicquid  sit, 
Aereum  ad  vitam  sustincnuam  ncccssarium,  in  sanguinis  maKsani  tniiisire.  Hinc  aer  ^ 
pulmonibus  cgestus,  d  quo  particulx  iuta:  vitalcs  cxhauriuntur,  non  umplius  ad  respiratiunem 
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FlC.   IS7.     I^Vtll8IKK  AND  HIS  WIFK. 

(Fn»m  the  pictun*  by  David,    (irimaux*  "  Lnvoisier.**) 


HinneuH  t»Rt."'  "  Willi  i-es|)cct,  then,  t4»  the  UHe  of  renpinition,  it  may  Ik*  nttirnu-d  tliat  an  nerid 
iH>mrthing.  wliati-viT  it  may  U-,  onsrntinl  t<»  life,  pa«Hi's  into  the  mass  of  the  hhiotl.  AihI  thus 
«ir  «lrivfn  «»ut  ot  tlu-  hnij^x,  thuwi  vil«l  jKirtii-U-s  liaving  bwn  draine«l  from  it,  is  no  longer  lit 
for  bteathiitg  again  "  (p.  tZlM). 
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On  p.  107  :  *'  Kx  quibuH  manifestum  e«t,  aeivni  per  animaliiiro  reKpiratiimeni,  hjimljiiiulto 
"Wtus,  ac  per  flamma>  deflagralioneni,  vi  sua  elastied  deprivari  ;  t-t  utiqiie  fmlemluni  t'«t. 
Animalia.  I^^ntMiiquc  i)arti<  ulaH  jusilrm  generiH  v\  aere  exliamire  ;  id  qiuxl  Nfi|ii<'iiti  i'xi>eri- 
inenlo  luajuu  Mihue  cuntiruiutur."    "  Hence  it  w  manifest  that  air  is  deprived  uf  its  elastic 
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foitse"  (that  is,  dimiaiBhed  in  volume)  *'by  tlw  brefttkiiiA  oC  M»iiiud»  vecy  much  in  Ummm 
my  aR  by  the  bwaiiig  of  tanio.  And  indead  we  mwit  ouievo  thfti  eainuls  and  fire  dmr 
particles  of  the  Mm*  kind  from  the  air,  ai  ia  further  oonflimed  by  the  foUowing  experiineBi** 

On  p.  161 :  •*  Quemadmodam  nuigainii  fermentattonem,  !ta  etiam  inins  incaleaoentiain  a 

particulis  nitro  acrcis  cum  p.-irticuliH  crnr,riR  salino  ".uliihureis  cxa-atimntibii??,  r  riri  existirno." 
*'  Just  a«  the  furinentatioa  of  the  bluod,  bo  also  its  heat  ariaee  1  think  from  the  efferveacfrooe 
of  nitmaerial  partiolee  with  salino-sulphureoua  nartidee  of  the  blofod  "  (n.  KM). 

On  p.  162:  "Qn.uir[nam  calor  iste  in  animalibuB,  per  exercitin  vioienta  rixcitatus.  etiam 
ab  eflerveaoentiii  imrticulnruiu  nitru  aercamii  et  aalino-aulphure&ruw  in  partibua  motrictboa 
ortA,  partim  provenit,  ut  alibi  oRtendetor."  ** Nevertheless,  the  heat  exoited  in  animals  by 
violent  exercise  IB  in  part  also  due  to  the  offervescence,  originating  in  the  nnitor  jmrls  thrm- 
aelves,  between  the  nitro-aerial  partiolea  and  the  salino  Bulphureous  partiulus,  as  will  be  poiaUfd 
ontelwwhere." 

With  regard  to  tlio  two  last  paanagoR,  we  must  romt«mber  that,  as  is  evident  from  other 
parta  uf  the  book,  "  salino-sulphureous  particles  "  at  u  what  we  now  call  combustible  Hubstam-ea. 
It  appears  from  the  last  passage  that  Mayow  rightly  held  that  combustion  went  on  in  the 
muscles  themselves,  although  he  was  incorrect  in  bis  8tat«ment  that  it  took  place  in  the 
also.  I  have  ventured  to  put  this  passage  into  slightly  different  wunk  from  those  used  by  the 
translator  of  the  "  Alembic  Club."  It  is  dear  that  "  efferresoentit "  agrees  with  "  orta,  that 
is,  it  is  the  "effervescence"  (combustion)  that  arises  in  the  mosole,  not  merely  the  salino- 
sulphureous  partiolea,  which  would  escape  into  the  blood  and  be  burnt  there,  'niis  is  a  point 
of  some  importance,  since  it  was  held  ovuii  by  Lnvoiaier  that  the  combustions  take  place  in 
the  lungs,  so  that  Mayow  was  in  advance  of  his  suxxsesiors.  A  portrait  of  Mayow  ia  given  in 
Fig.  184,  being  that  placed  at  the  front  of  hie  book. 

The  importance  of  Mayow 'b  discovery  was  lostaightof  in  the  rapid  development 
of  the  phlogiflton  doctrine  and  oxygen  was  radisomrared  l)y  Priestley  (1774),  who 
called  it  "  dephlogifiticated  air."  As  we  have  seen,  Priestley  also  showed  that  air, 
which  had  hccii  "spoilt"  by  animal  respiration,  was  restoml  by  j^reen  plants. 
Priestley's  portniit  is  given  iu  Fig.  185  and  a  copy  of  the  frontispit'ce  to  his  l)ook 
ill  Fig.  186.  As  is  well  known,  the  doctrine  of  phlogiston  wai>  overthrown  by 
Lavoisier  (1770,  etc.),  who  showed  the  true  nature  of  oxidation  and  gave  tiie  name 
"oxygen"  to  Priestley's  "dephlogisttoated aSr."  With  Lavoisier,  modem  chemistry 
with  its  use  of  the  balance  commpnces.  It  has  been  stated  that  his  discofery  of 
oxygen  was  sii<rgosk*d  Ijy  the  account  given  to  him  by  Pric'^tlcy.  TTowt  ver  tliis 
may  be,  there  is  no  doubt  that  he  was  the  first,  after  Mayow,  who  saw  the 
phenomena  in  tiieir  real  aspect.  A  por6wt  of  Lavoisier,  with  his  wife  will  be 
found  in  Fig.  187.  The  product  of  combustion  in  living  beings  was  not  known  to 
Mayow.  It  was  aho^n^i  by  Black  (1755)  to  be  something  quite  different  from 
common  air,  was  cuIUkI  by  liim,  "fixed  air,"  but  its  true  nature  as  an  oxide  f>f 
carbon  was  cinscuveitxl  by  Lavoisier.  A  sketch  by  Madam(»  Tjavoisier  r)f  an 
experiment  on  respiratory  exchange  in  work,  performed  in  Lavoisier's  labomtory, 
is  reproduced  in       188.   Madame  Lavoisier  is  taking  notes. 

As  w<'  eommenixd  the  studj'  of  the  subject  with  the  oxidation  {(PLK  csses  in  the 
cell,  it  will  b<>  most  appn^priate  to  t4ike  in  order  the  stages  backwards  from  the  oeil 
to  the  lungs  and  the  outer  atmosphere. 

THE  STORAGE  OF  OXYGEN 

We  saw  in  the  preceding  chapter  how  the  processes  of  oxidation  and  reduction 
in  the  cell  are  under  the  control  of  en/yii)r>s  and  the  part  played  by  peroxides 
therein.  Thus,  at  a  ijivcn  moment,  there  will  be  a  certain  njiiount  of  available 
oxygen  present  in  the  cell  a»  jHTuxide.    liut  this  must  be  extremely  siimll. 

At  one  time,  it  was  generally  thought  tlmt  the  cell  contained  a  store  of  "  intra- 
molecular*' oi^gen  in  some  loosely  combined  form.  In  our  first  chapter  we 
discussed  the  more  modi !  n  form  of  this  belief,  in  the  guise  of  **biogen  "  molecules, 
8uppose<l  to  e<uitHin  loosrl\-  cambine<l  oxv^^n  in  one  side  chain,  together  with 
combustible  sul)st*inee  in  another,  so  that  evil  oxidations  might  proceed  without 
immediate  supply  of  fresh  oxygen.  Since  this  view  is  still  held  iu  some  quartet^ 
occasionalfy  in  a  more  or  less  modified  form,  it  is  important  to  give  further 
evidence  bearing  upon  it. 

Of  course,  a  verj'  srnfill  amount  of  oxygen  maj'  (;xist  in  the  cell  fluids  in 
ordinary  solution,  and  the  time  taken  to  consume  thi^  WQuld  vary  with  the  rate  q( 
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oxidation  in  the  cell.  Further,  a  somewhat  larger  amount  of  carbon  dioxide  is 
dissolved  or  rnniliinc^l  as  bicarbonate.  In  our  description  of  Fletcher's  exporimoiits 
(page  U3),  we  liave  seen  that  the  carbon  dioxide  given  off  by  muscle  iu  nitrogen 
is  Dot  givater  than  oui  be  aooounted  for  in  tiie  way  m«itioiied.  In  aboence  of 
oxygeD,  therefore^  no  oombustion  prooess  goee  on  in  miude ;  in  other  words,  there 
is  no  oxygen  present  in  a  form  Hv^iilable  for  oxidation.  Further  experiments  on 
the  flisenffajTcnient  of  carbon  dioxide  from  musclo  hy  hmt,  the  results  of  which  are 
iucapiible  tjf  explanation  on  the  theory  c>f  iiftra-iiiolecular  oxygen,  will  be  fuund  in 
the  paper  by  Fletcher  and  Bix)wn  (1914).  Similar  conclusions  were  drawn  by 
Vcnar  (1913,  %  p.  47)  with  regard  to  the  muaele  of  warm-blooded  animala.  Ho 
found  that  there  is  no  oxygen  tension  in  this  tisane.  If  there  is  no  oxygien  tension, 
there  can  be  no  oxygen  Uiat  it  is  possible  to  use  lor  oxidation  puqmaea  in  the 


Fio.  1S9.    Wintebstkin's  Micito-RKSPi&ATioii  APPARATUS. — With  tubes  for  introdootion  of 
various  gosea.    To  be  used  also  for  analysis  of  gasea  in  small  quantities  of  blood. 


cell.  There  is  none  that  can  be  dissot  ial  <  1,  cltlu  r  for  comhustinn  of  another  part 
of  the  "giant"  niolwule  or  for  tliat  of  other  uiokrulrs.  If  there  is  any  store,  it 
is  in  stablf  <  (>mhination  and  doos  not  conc(>rn  us  here.  Petei-s  (1913,  p.  26fi)  states 
that  hia  expenmeiits  do  not  aUiolutely  de<,'itle  the  cjuention,  hut  he  could  obtain  no 
evidence  in  fnvoar  of  a  storage  of  oxygen. 

Turning  to  othor  tissues,  the  exp<*riments  of  Winterstein  (1007)  on  the  spinal 
cord  of  the  frog  may  be  referred  to.  The  inicro-respimnieter  of  Thunhi  i  l'  (190,"),  1) 
was  nserJ.  This  apparatus  is  similar  to  that  repi-est^ntinl  in  Fig.  189,  whii  h  is  the 
form  given  to  the  instrument  by  Winterstein  in  order  to  use  it  for  the  estimation 
of  the  gases  iu  blood,  as  well  as  for  respiratory  experiments.  Into  thia  apparatus 
the  isolated  spinal  cord  of  the  frag,.  prepare<I  by  Baglioni's  method  (1904),  was 
introduced.  In  oxygen  it  remains  excitable  for  forty-eight  hours,  in  nitrogen 
only  for  half  an  hour.  The  oxygen  consumption  at  16"  to  18°  is  268  to  300  cmm. 
per  gram.    The  respiratory  quotient  is  less  than  unity,  hence  some  substance  otiier 
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than  carbohy<lrate  is  oxidise<I.  N»iw,  supposinfj  that,  wliile  in  oxyg^^n.  the 
preparation  has  aocumiilated  to  iU^^lf  a  st<»r«'  of  oxyj^'i'ii  in  disposable  fomi,  as 

biogens  "  or  otherwise,  then,  wh«n  nitrogen  takes  the  place  of  oxygon,  this  store  ' 
of  oxygen  will  be  used  lip.  Therafore»  the  first  thing  th»t  will  happen,  when  the 
nitrogen  ia  again  replaced  hy  0K^|«en,  will  be  that  the  atora  ia  replenished 
and  oxygen  will  disappear  without  the  corresponding  amount  of  carbon  dioxide 
bein«  given  off;  in  othor  w«»nls,  the  respiratory  quotient  will  not  bo  the 
same  as  that  after  being  some  time  in  oxygen.  In  very  carefully  oootrolled 
experiments  no  indication  was  found  of  any  change  of  this  kind. 

It  appears,  then,  that)  although  inexdtable,  the  tiasne  remains  alive  in 
nitrogen,  aincc  its  excitability  can  be  restored  in  oxygen.  Sinco  tlie  survifsl 
iM  not  an  oxidative  procesH,  why  is  oxygen  neeessaiy  for  restoration  of  ex- 
cit  ihility  ?  Wintt'rstein  conipares  it  to  h  clock  which  has  stojuxnl,  not  liecause 
Iho  spring  lias  run  down,  but  because  tlie  movement  of  the  penduluiu  is 
hindwed.  In  our  caae  the  hindrance  ia  the  accumulation  of  asphyxial  pro- 
ducta,  whidi  require  oxygen  to  reOKive  4liein.  The  length  of  time  neoesssiy 
for  reeovory  is  not  due  to  slowness  of  difl'usion  of  oxy«;on,  but  to  the  rat** 
of  (txidation  of  these  protliict.s.  Whatever  they  may  be,  it  seeius  clear  fixnn 
the  non-alteration  of  the  respitalory  tpuitient  that  tlieir  chemical  nature  is 
similar  to  that  of  thoae  oxidised  under  normal  oonditiona.  It  la  acaivelj 
necessary  to  remaHr  that,  after  asphyxia,  the  rate  of  oonaumption  of  oxygen 
was  temporarily  increased,  but  the  point  is  that  the  respiratory  quotient  was 
uiKiltered,  as  it  would  have  been  if  oxygen  were  being  stored  apart  from 
suaultaneous  production  of  carbon  dioxide. 

In  the  researches  of  Battelli  and  Stern  (1907),  however  they  may  be 
interpreted,  there  ia  no  evidence  of  storage  of  oxygen. 

Meyeriiof  (1912,  1,  p.  176),  again,  finds  that  in  the  aljsenoe  of  oxygen, 
thor»-  1h  no  production  of  heat  in  the  blood  oorpuscles  ol  the  gooae^  althoogii 
it  returns  on  a<hnis.sii)ii  of  oxygen. 

Thuaberg  (1905,  2),  in  some  experiments  to  be  referred  to  again  later, 
found  that  the  oxygen  oonaumption  of  the  slug  and  the  earthworm  was 
increased  by  increaae  of  oxygen  pre.ssuro,  but  that  the  carbon  dioxide  pfo- 
riuction  was  always  parallel  to  it^  ao  that  no  atorage  of  oxygen  took  plaoe^ 
even  under  increAsed  pressure.  ' 

The  experiments  of  Falloise  (1901)  and  of  Durig  (1903)  are  r^arded  bj 
Zuntis  as  afiording  definite  proof  of  the  absence  of  any  kind  of  atorage  oif 
oxygen  on  the  part  of  the  cell, 

Falloise  showed  that,  if  an  animal  were  causecl  to  breathe  for  a  considerable 
time  a  mixture  rich  in  oxygen,  luid  then  the  supply  cut  off,  symptoms  ef 
asphyxia  appeared  only  forty-five  secoiuis  later  than  they  «lid  if  ordinary  air  had 
been  breathed.  If  the  oxygen  inhalation  only  lasted  for  one  minute-,  the 
same  effect  resulted,  and,  if  air  were  breathed  for  one  minute  <{/fer  the  oxygen 
inhalation,  its  effect  was  removed.  Hence  the  only  efTect  produced  is  ^al 
of  the  rcsiduH!  air  in  the  lungs  and  the  extra  oxvl'cm  dissolved  in  the  pl.t«<mii. 

Dnri-^'s  experiments  wejtvs  nuwlr  in  Zuntz'  lalKjiiiiory  by  tlie  most  accunit*  j 
methods  and  thc\'  reaultecl  in  confiruiing  the  work  of  Falloise.    Dogs  were 
given  mixtures  of  air  with  various  percentage  of  oxygen,  and  the  intake  per 
minute  was  determined.   During  the  first  two  to  three  niiniit(  s  alter  changing 
tlie  mixture,  tJio  oxygen  intake  was  increased  or  d*'<rt^a.se<l  in  proportion  to  j 
the  oxygen  content  of  the  air  breathe<l.     Special  exjH'rin>ents  were  then  mwie  ^ 
to  determine  the  amouht  present  in  the  air  of  the  lungs  and  that  diasoU'eil 
in  the  tissues  and  blood.   It  was  found  that  the  vslhoU  of  that  taken  in  or 
given  out  l^yond  the  nonnal  amount  was  required  for  these  purposes,  so  that  j 
■none  at  all  was  left  over  for  storage  in  any  other  form.  I 

We  Raw  alx^vo  (pnire  that  the  n'sults  <if  the  exiH'riments  of  Rareroft  and 
Brrxlie  (IU05,  p.  6o)  are  op|H»s»>d  to  tlic  view  of  intramolecular  oxygen  in 
this  case. 

Those  of  Evans  and  Ogawa  (1914)  ore  atfio  of  interest  in  this  oonnectiiin, 
as  well  as  with  regard  to  the  mechanism  of  tissue  respiration.  They  found  diat 
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in  the  heart,  under  the  action  of  adrenaline^  great  increase  both  in  oxygen  con- 
sumption and  in  carbon  dioxide  output  occurred,  Imt  that  the  two  pnws5?ps  do 
not  coincide  in  time.  The  oxygen  intake  reaches  its  maximum  during  the  first 
few  minutes  after  the  drug  is  given,  wlule  the  output  of  carbon  dioxide  reaches 
its  maadmam  aome  time  later,  after  the  oxygen  intake  has  begun  to  diminiah 
again.  Hie  respiratory  quotient  is  thus  first  lowered  and  then  raieed  before! 
returning  to  normal,  but  the  mean  value  is  unaltered.  The  explanation  suggested 
is  that  a  definite  time  is  required  for  the  chemical  reactions  which  occur  in  the 
intermediate  stages  of  oxidation,  so  that,  if  there  is  an  increase  in  the  rate  of 
oxidation  aeneraUy,  the  amount  of  oxygen  consumed  alters  at  once,  while  that 
of  the  carbon  dioxide  output  attains  its  new  level  more  slowly.  TUtoA  view  is 
oonfiimed  by  the  fact  that,  if  adrenaline  is  oontinually  added,  the  mean  respiratory 
quotient  during  th'^  administration  become*?  coTvstaiit.  hut  at  a  lower  level  thnn 
betoiv  the  adrenahne  was  given.  This  can  be  seeu  in  detail  in  the  eonsi<li'iatu>u 
given  ou  p.  456  of  the  paper.  It  is  merely  necessary  to  remember  that  the 
carbon  dioxide  given  out  in  a  particular  period  does  not  correspond  to  the  oxygen 
Qsed  in  that  period,  but  to  that  of  an  earlier  period. 

CiTtaiii  interesting  oxtx-rinu-rits  tin-  grow  th  of  yt-ast  ))y  Horaec  Hrown  (1914)  uppt  ai,  at 
first  sight,  to  ahow  that  tliere  is.  iu  this  ca«e,  a  ntorage  of  oj^gen.  If  yeast  be  phu»)d  into  a 
enlture  totutioii,  whidi  has  been  aatiivaied  with  oxygen  at  its  tennon  in  air  by  thakitig  with 
&ir,  the  oxygen  is  removed  rapidly  and  serves  for  suKsiHjtient  (.■oinbiislion  p\npo.-<es  l>v  the 
yeast  cella  which  have  taken  it  up.  la  iatm»re(ing  thia  re&ult,  it  should  be  remeuWred 
that  the  amount  of  oxj'gen  present  in  the  sAintion  waa  only  O'SBO  e.e.  per  oent.,  and  also 
that  (p.  212)  it  was  found  jinix)8sihlo  t  )  in.  rease  the  *' oxygen  cliar^^'e  '  of  normal  yeast, 
whi(^  had  been  washed  in  contact  with  air,  by  svbniitting  it  to  amre  extensive  aeration.  The 
ptwifaility  of  peroatldM  may  be  taken  into  aooottnt  here  (see  the  footnote  on  p.  212  of  the 
paper),  and  also  that  of  adsorption  of  oxygen  on  Burfaoes  in  the  cell,  since  the  amount  taken  * 
op  was  so  small. 

Th'-  Ri^hiium  (ij  Oxyyeii  TeuAoii  in  itx  C(nu<nrtiption.  — We  find  almost  in  variably 
that  the  supply  of  oxygen  in  budicieut  to  meet  the  requiremenUs  of  the  cell,  so  that 
increase  of  its  pressure  (  ->  concentration)  does  not  lead,  by  mass  action,  to  incieased 
consumption.  In  the  case  of  the  slug,  the  earthworm,  and  the  mealworm, 
nRH)V"*ri:  flOO',  1!)  f  >\;nf!,  on  the  contrary,  that  the  consumption  of  oi^gen  was, 
within  fairly  wide  limits,  in  proportion  to  its  tenaion. 

NARCOSIS 

Some  phenomena  and  theories  of  narcods  have  been  discussed  previously 
(pages  138-140).  That  of  V^rworn  (1912),  according  to  which  the  jirocess  consists 
in  the  inhibition  of  oxidation,  was  left  until  the  present  chapter.  Allinl  to  this 
\iew  is  that  of  ilaiisfeld  (1909),  which  attributes  the  process  to  an  effect  on  the 
odl  membrane  by  which  access  of  oxygen  is  prevented.  This  blockage  is  supposed 
to  be  due  to  the  diminution  of  the  »ohthxlity  of  oxygen  in  the  lipoid  membrane, 
owing  to  the  presence  of  the  narcotic  thei'' :  but,  if  ordinary  .'sohition  be  meant, 
it  is  difficult  to  reconcile  the  \iew  with  the  oixnnai y  law??  of  solubdiiy. 

Direct  evidence  exists,  moreover,  which  sliows  that  tliere  is  no  connection 
between  naicosis  and  oiddation*  Thus  Warburg^  (1910,  2)  found  that,  although 
the  segmentation  of  the  sea  urchin's  egg  was  stopped  by  phenyl-urethane^  the 
consumption  of  oxvii^en  was  not ;  a  greater  eonowtration  of  the  narooticv  however, 
stopped  tlie  latter  also,  as  would  he  expected. 

Winterstein  (1913)  shows  that  there  is  no  relation  between  the  narcotic  action 
of  various  substances,  and  their  eflfect  on  oxidation.  Further,  anaerobic  worms 
can  be  anseathetiaed.  In  a  further  paper  (1914),  it  is  shown  that  the  spinal  cord 
of  the  frog,  when  narcotised  by  urethane,  shows  diminished  oxidation,  hut 
when  narcotised  bv  alcohol,  the  oxidation  is  increased.  The  twd  processes  are 
independent.  The  fact  that  nerve  centres,  after  asphyxia,  cannot  be  recovered  by 
oxygen,  if  alcohol  be  present,  shows  that  there  is  some  intermediate  process 
between  oxidation  and  excitability,  which  process  is  attacked  by  the  narcotic 

As  to  what  the  praceis  aotoally  consists  in,  certain  facte  have  been  given  previously,  and 
ws  may  member  tbat  Claude  Bernard  (1875,  p.  143)  suggested  that  the  vanotia  forms 
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anrrsthesia.  as  l»v  drugs,  heat,  asphyxia,  and  so  on,  are  essentially  the  same  physioo-cheoiical 
process.  He  also  clearly  pointed  out  that  the  ordinary  phenomena  of  asphyxia  have  nothir^ 
to  do  with  thoM  of  naroMiB  (p.  9C). 

Loewe  (1913),  as  the  rasolt  oi  detailed  investigations  of  the  relation  «l 
sarcotics  to  lipoids,  came  to  the  conelusioD  that  the  oeU  membrane  consists  of 
a  complex  colloidal  system  of  hydrophile  colloids  together  with  lipoids,  and 
that  the  narcotics  are  adsorl^ed  by  t)ir  hitter,  with  the  result  that  tlieir  liydpophik 
nature  is  changed  into  a  hydropiiobe  nature,  or  one  that  beiiaves  as  such, 
although  no  water  is  lost  Henoe  the  decrease  of  permeabUitj  found  experi- 
mentally as  the  aooom|Nuument  of  typical  narcosis,  as  opposed  to  the  increaw 
associated  with  lethal  action.  There  may  also  be  a  diminutioti  <rf  *'elecltTe" 
permeability,  rf-;n1ting  in  diminution  of  potential  difTorence  and  injury  to 
*'Rpeciiic"  functions  of  the  membrane.  But  it  is  dilticult  to  attach  very 
deiinite  meaning  to  the  last  statements. 

ANAEROBIC  EXISTENCE 

^^  e  have  seen  that  certain  organisms,  both  animal  and  vegetable,  sui  h 
some  bacteria  and  nucleated  red  blood  corpuscles,  are  not  killed  by  deprivation 
ct  oxygen*  although  no  oxidation  proceeds  and  cell'  activities  are  suspended. 
Becovery  takes  placi  on  admission  of  oxygen.  In  other  catee,  such  as  intestinsl 
worms,  the  leech,  in  1  yeast  cells,  chemical  activities  of  a  special  kind  pr'«  <— -i. 
together  with  certain  manifestations  of  life,  in  abscrjcc  of  oxygen.  A  turU;er 
condition  is  that  of  certain  bacteria,  which  are  killed  by  oxygen  and  arti 
capable  of  existence  only  in  its  absence.  Thus  we  have  facaltativei  and 
obligatory  anaerobiosis. 

The  manifestations  of  life  require  the  supply  of  free  energy.  This  is 
usually  obtninod  from  oxidative  reactions,  and  the  interesting  problem  anseib 
How  is  it  obtained  in  absence  of  oxygen  ? 

Perhaps  the  best  example  to  start  Mrith  is  that  of  the  mould,  Mucar 
mssmofuf,  which,  as  shown  by  Fssteur  (1876,  pp.  180-132),  in  the  prowacs 
of  oxygen  hums  up  glnooee  to  carbon  dioxide  and  water,  but  when  saDmefged 
and  deprived  of  oxygen,  certain  morphological  changes  oocor  and  it  now 
forms  alcohol  and  carbon  dioxide  from  glucose. 

Yeaat, — We  have  seen  that  no  growth  takes  place  in  absence  of  oxygen, 
bnt  that  the  fermentation  proceeds.  In  this  fermentation,  in  whidi  sugar  is 
split  into  alcohol  and  carbon  dioxide,  there  is  production  of  heat ;  so  that  we 
may  put  it  in  this  way,  the  combination  of  part  of  the  carbon  with  oxygen 
to  form  carbon  dioxide  sets  free  more  energy  than  is  required  to  make  up  th«» 
difference  bctwwin  the  heats  of  combustion  of  alcohol  and  of  sugar.  There  i^i, 
then,  energy  at  the  disposal  of  the  organism  for  what  activities  it  is  capable 
of,  if  this  energy  can  be  made  use  of.  The  reaction  from  glucose  to  akohoi 
probably  passes  through  several  stages,  similar  to  those  given  on  page  273. 

rfifr>'farfir')  Orgnnxmi9.—Vi\sU'm'  (1861)  showed  that  certain  organifsms, 
responsible  for  butyric  acid  formation  in  putrefaction,  were  actually  kille<i  by 
oxygen,  although,  presumably,  their  spore-s  ai-o  able  to  withstand  its  presence. 
In  a  protein  undergoing  putrefaction,  it' was  shown  by  Hoppe-Seyler  (1S87) 
that  the  chemical  products  of  putr^ustion  are  different  when  the  process  pro> 
ceeds  with  or  without  air.  In  the  presence  of  air,  aerobic  organisms  (le\('It^ 
at  the  surface,  while  anaerobic  ones  grow  in  the  dej>ths.  In  presence  of  oxygen, 
carbon  dioxide,  water,  and  ammonia  are  formed ;  in  its  absence,  hydrugra, 
marsh  gas,  leucine,  and  tyrosine.  Nencki  (1904,  1,  p.  376)  showed  thateertain 
aromatic  derivatives,  phenyl-propionic  add,  paiahydroxyphenylpropicoio  add, 
and  skatol-aoetic  add,  together  with  lower  fatty  acids,  butyric,  caprt^  etc, 
were  formed  in  ana<»robic  putrefaction.  It  is  chiefly  to  these  lower  fatty  adds, 
together  with  iiidol  and  skatol.  that  putrefactions  owe  their  objectionable 
smell.  Methyl-mercaptan  is  alt>o  sometimes  present.  Decarboxylation  of 
amino-adds  occurs,  giving  rise  to  various  amines,  and,  from  diaminoaddi, 
putrescine  and  cadaverine  (tetra-and  penta-methylencKliamines). 
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Higk&r  Fun^ — Kostytschev  (1910)  showed  that  miuhroomH  in  absence  of 

oxygen  do  not  form  alcohol.  In  their  press  juice  an  interesting  }»heuomenon  was 
observed*  Carbc»n  dioxide  is  formed  and  can  be  di  iv<'?i  off  bv  builiiig.  It  arises 
only  in  small  part  from  carbonates  and  thictly  tium  bonie  substance  which  splits 
off  carbon  dioxide  by  hydrolysis.  The  carbamino-acids  of  Siegfried  were  excluded 
by  the  observation  that  tiw  phenomenon  could  be  observed  in  the  Absence  of 
protemB  or  amino-acids.  The  aubstanoe  in  question  seems  to  be  some  intermediate 
statue  of  oxidation,  formed  bv  previotis  rxpo^ire  to  oxTtren.  It  was  fomid  tliat 
mannite  disappears,  if  added  to  the  pres^;  jnict-,  without  giving  <>ff  carbon  dioxide 
imtil  the  solution  is  heated,  and  it  is  thuugiit  probible  that  this  substance  is  the 
source  of  the  interesting  compound  in  question. 

Higher  Plamta, — ConBiderable  evidence  exists  that,  in  absence  of  oinrgen,  highor 
plants  attack  sugar  as  yeast  does,  forming  alcohol  and  carbon  dioxide.  Further 
details  nvAv      found  in  the  essay  by  Lesser  (19n9\ 

In  Animals. — Spallanzani  was  the  iirst  to  sho^v  that  animals  (snails)  give  out 
carbon  dioxide  in  an  atmosphere  of  hydrogen  or  nitrogen  (Foster,  1901,  p.  253). 
We  have  seen  (p.  444)  that  muscle  in  absence  of  oxygen  undergoes  no  (memical 
change  unless  stimolated,  and  that  then  lactic  acid  only  is  produced.  In  oxygen, 
this  lactic  acid  in  oxidised  witb  evolution  of  carbon  dioxide.  So  that  lactic  acid 
is  the  product  of  anaerobic  cliange,  carbon  dioxide  that  of  aerobic  change.  But^ 
of  course,  muscle  cannot  continue  to  live  without  oxygen. 

InietUnal  Wormt, — ^Tfaese  are  the  only  multieeuular  animals  known  which 
normally  exist  in  absence  of  oxygen.  Although  they  have  no  need  to  produce  heat^ 
thev  require  energy  for  other  purposes,  muscular  movement,  growth,  and  so  on. 
Thev  arc,  therefore,  very  instructive  fur  invest i;.:atiun.  The  most  i*ecenl  work 
is  that  of  Weinland  (1901-1900).  These  woruib  were  found  to  contain  large 
quantities  of  glycogen,  which  was  consumed  in  starvation,  giving  as  products,  in 
absence  of  oxygen,  carbon  dioxide  as  the  only  gas.  In  the  liquid  around  the 
animals,  valerianic  acid  was  founti,  in  amount  corresponding  to  0'3  g,  per  100  g, 
»'f  Ascaris  in  twcntv-four  hours,  together  with  a  nitrogenous  substance  containing" 
Ui>15  g.  nitrogen  fur  the  same  time  and  weight  of  animals.  The  carbon  dioxide 
was  0*4  g.    The  process  is  represented  as  follows : — 

4C6H,.Og  =  9C0.,  +  aCjHjoO,  +  9H.. 

The  hydrogen  is  srtipposed  to  be  used  up  at  once  for  reduction  processes.  If  this  be 
fiO,  we  have  a  true  fei'mentation  process. 

The  XeecA.— Putter  (1907)  has  investigated  the  metabolism  of  the  leech,  which 
can  live  ten  days  without  oxygen.  He  states  that  hydrogen  is  formed  in  these 
conditions.  When  first  placed  in  water  deprived  of  oxygen,  the  carbon  dioxide 
protluction  goes  up  considerably  for  a  time,  but  aftei  wards  falls  again. 

Eneryetics  of  Atiaerobiosi^". — ^It  appears  from  the  preceding  paragraphs  that  a 
larger  auiouut  of  carbou  dioxide  has  to  be  given  oS  by  a  fermentation  pi"oceas  than 
hj  an  oxidation  in  order  to  give  the  amount  of  energy  i*equired  by  an  oi^nism. 
Indeed,  Warburg  (1914,  p.  262)  caleulates  that  the  same  quantity  of  glucose  when 
decomposed  to  alcohol  and  carbon  dioxide  only  gives  3  to  5  per  cent,  of  the  energy 
which  it  gives  when  completely  buiiit  to  carbon  dioxide  and  water.  But  the 
general  conclusion  seems  to  be  justilied  that  the  cell  mechanisms  are  such  as  to 
be  able  to  use  chemical  energy  whether  it  comes  from  oxidation  or  otherwise^ 
and  tliat  they  are  independent  of  the  particular  chemical  reaction  which  affords  it. 

Blackman  holds  (see  Kidd,  1916,  p.  149)  that,  in  the  respiration  of  plants,  there 
Are  alwHvs  two  types,  proceeding  simultaneously,  an  oxidation  of  carbohydrate  or  fat 
to  carbon  dioxide  and  water  (iloating  respiration),  and  a  "protoplasmic"  respiration, 
which  is  the  necessary  minimum  of  life.  Further,  there  are  two  stages,  of  which  the 
first  is  an  anaerobic  splitting  of  carbohydrate  into  carbon  dioxide  and  an  easily 
<addi8ed  substance,  the  second  is  the  oxidation  of  this  substance  by  the  oxygen  of  the 
atmosphere.  Kidd  shows  that  the  narcotic  action  of  carlxni  dioxide  is  exerted 
only  on  the  first  process.  Thus  the  anaerobic  pnxiucts  should  be,  as  a  rule,  inter- 
mediate stages  also  passed  throu^i  in  the  presence  of  oxygen,  but,  in  its  absence 
undergoing  no  further  change.  This  was  the  view  suggested  by  Ffeifer  (1881«1885^ 
p.  664).   But  ib  does  not  seem  to  be  always  the  case.   Yeast  does  not  ferment 


Digitized  by  Google 


012         PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


any  more  sugar  to  alcohol  in  the  absi  nt  o  of  oxygen  than  in  its  presence  (Buchocr 
and  Rapp,  1899).  Tt  may  bo  held,  nevertheless,  that  yeast  is  ar»  abnonoal 
organism,  produced  under  the  process  of  repeated  selection  for  a  special  purpose. 
In  the  case  of  the  animal  cell,  we  have  already  ^>ag6  276^  seen  reason  to  huiu 
that  alcohol  is  not  a  nonnal  stage  of  sugar  metabolism.  I^rther,  the  vakriuik 
acid  produced  by  Aacaris  must  be  a  special  form  of  aoaerobie  metaboUam.  It  i« 
difficult  to  make  any  statement  as  to  the  obanusteristio  pntreftctioti  fwodaett, 
since  the  orfjanisms  are  inactive  in  the  presence  of  oxygWl  and  we  do  not  knov  j 
what  their  metabolism  might  be  in  such  circumstances. 

THE  OXYGEN  CONSUMPTION  OF  TISSUES 

*  We  have  already  referred,  incidentally,  to  the  requirements  of  certain  tissues 
as  iTf'nrfls  oxygen  supply,  both  in  rest  and  in  activity.    For  furtlier  'iata,  the  j 
essay  by  Barcroft  (190^  ),  to^'ctber  with  his  }x>ok  (1914),  may  be  consulted.     -  ! 
The  following  numbers  may  be  of  interest : — 

SuhmaxUlan/  Gland. — In  the  experiments  of  Barcroft  and  Piper  (1912),  the 
oxygen  nsed  in  the  resting  gland  amounted  to  0*027  c.c.  per  gram  per  nuBnt& 
The  results  as  regards  activity  have  been  referred  to  above  (p«ge  342).  Tfcr 

consumption  went  up  to  O'OPP        in  a  particular  case  and  continued  to  l>p  rai"!'^ 
for  a  hundred  seconds  or  more  after  the  tlow  of  saliva  has  ceased.     Fur  tiie 
production  of  0  3  o.c.  of  saliva,  0*18  c.c.  of  oxygen  was  used  over  and  above  that  I 
of  the  resting  condition. 

2'he  Kidney, — The  m(mt  reo^t  measurement  is  that  of  Neuman  (19i2l 
Under  ordinary  conditions,  the  oxyn;en  consumption  was  found  to  be  from  0*^2*j 
O  OO  c.c.  per  gram  per  minute.    Results  under  stimulation  t<»  secretory  activi* y 
have  been  given  above  (page  358).    The  increase  was  about  four  to  tive  times 
that  in  rest. 

The  jDttwr.— Barcroft  and  Shore  (1912)  found  that^  in  cats  unfed  for  thirtr- 

six  hours,  the  oxygen  consumption  amountiBd  to  from  0-005  to  O  OIS  c.c.  per  grsn  i 
per  minute.    In  animals  fed  eii^liteen  hours  prr>\  ionslv,  0-024  to  0  0')  c.c.  For 
the  viscera  drained  by  the  portal  vein,  chiefly  int«  .simc,  the  values  were  0  008  t"  [ 
0-013  c.c.  for  the  unfed,  and  OUil  to  OOiS  c.c.  for  fed  animals.    These  fact* 
indicate  that  the  chief  metabolism  during  late  digestion  is  in  the  liver.  ! 

The  Suprarenal  01  awl. — A  striking  fact  about  this  organ  is  the  rioh  supply  f>f  ' 
blood.    Neuman  (1912)  found  that  a  1)1o<m1  pressure  of  130  mm.  of  mercuiy  drive*  . 
through  it  6  to  7  c.c.  of  blood  per  trram  per  minute.    This  is  higher  thtin  that  of  am  I 
other  organ.    It«  oxygen  consumption  is  0-U45  c.c.  per  gram  per  minute,  and  k> 
increased  threrfold  during  a  rise  of  Uood  pressure  produoeid  by  adrenaline. 

The  ffeart, — The  chief  work  on  this  organ  has  been  done  by  Bobde  (1910)  and  br 
Bohdc  and  Nagasaki  (191 3)  on  the  mammalian  heart  perfused  witli  Bitiger's  solntioii 
and  by  Lovatt  Kv.ui'.  (1912.  1,  and  1911,  1)  on  the  heart  bmg  propnnttion  perftr-^i 
with  blood.  The  result^j  will  l>e  considereti  ui  a  later  chuptt-r,  when  dealing  withilw 
mechanism  of  the  cardiac  contraction.  It  nvay  be  statt^i  here  that  the  oxygen  con- 
sumed in  any  one  contraction  varies  directly  with  the  maximal  tension  devidoped,  in  j 
accordance  with  the  results  of  A.  V.  Hill  (page  443)  on  energy  production  in  skelstsi  '. 
muscle.    The  oxygen  used  per  minute  depends  directly  on  the  number  of  beats ;  »> 

that,  as  Rohde  expresses  it,       is  a  constant  for  normally  beating  hearts,  where 

i«-  rlif  (]u;mtltv  "f  oxvijen  fonsnnied  per  minute,  N  is  the  |>ul«sf  mt*',  and  T  the  | 
maxiiiHun  tension.  The  amount  of  oxygen  consumed  p<'r  ;:;ram  weight,  aooordia^  j 
to  the  results  of  Evans,  is  from  0*043  to  0  085  c.c.  per  uiinute. 

The  Ltmge. — In  the  course  of  the  above  work,  Evans  (1912,  1)  determined  the 
metabolism  of  the  lung  tissue.   This  is  of  some  importance  with  regard  to  certaia 
theories  which  supposed  that  a  considerable  degree  of  oxidation  of  metabohc  pnv  , 
dnrts  of  tissues  took  place  here.    It  amounts  only  to  0*015  cc  per  gram  per  minstcv 
really  a  low  figure. 

The  Serve  Centres.-^The  metabolism  of  the  nerve  centres  has  been  referred  U> 
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previotislv  fpai^'c  47*2).  Further  work  rprjniro(1  on  the  question,  especially  in 
connection  with  the  great  sensibility  ot  the  higher  centres  to  deprivation  of  oxygen, 
uithough  it  has  been  stated  that  the  actual  coni>ump&ion  of  oxygen  is  not  great. 

The  Shod  Its^f. — We  have  already  seen  that  the  nucleated  blood  oorpuacles 
have  a  fairly  considerable  oxidation  metabolism.  Morawitz  (1909)  showed  that  the 
blood  of  rabbits  made  anremic  by  tlic  injection  of  phenyl-hydrazine  has  also  a  fairly 
considerable  metalx>lisni,  uTirl  that  this  is  dnr  to  the  young  non-nucleated  red  cells 
-which  are  pi-esent  in  such  conditions  in  considerable  numbers.  In  contrast  with 
this,  the  actual  metaboliam  in  the  normal  Uood  is  eztraovdmarily  small. 

Teckmque, — For  the  methods  lued  in  the  varioiis  experiments  referred  to 
in  the  preceding  paragraphs,  the  original  papers  must  be  consulted.  There  is  a 
possible  criticism  to  be  brought  against  these  methods,  in  which  the  rate  of  the 
hloixl  How  is  measured  by  the  time  taken  to  fill  a  certain  volume  of  a  graduated 
pipette  inserted  into  the  vein.  This  value  is  obviously  of  great  importance  in 
the  determination  of  the  oxygen  consumed  in  a  given  time.  When  vascular 
dilatation  occurs,  as  is  usual  in  an  active  organ,  the  time  taken  to  fill  the  tube 
is  very  sliort,  and  is  «'nly  a  small  part  of  the  total  duration  of  an  observation, 
<o  that  the  assimi])tion  must  be  made,  that  the  rate  of  flow  and  consumption  of 
oxygen  continues  to  be  the  same  as  that  during  the  small  sample  of  the  total 
effect  of  a  stimulation  which  is  actually  measured.  For  tliis  reason,  it  seems 
desirable  that  further  observations  should  be  made,  in  which  the  whole  blood 
passing  throu^  an  organ  in  a  considerable  time  should  be  collected,  and  its 
oxygen  and  carbon  dioxide  contents  compared  wltli  that  of  the  arterial  blood 
entering.  This  criticism  is  not  intended  to  east  doubt  on  the  results  given  alx>vo, 
but  it  seems  to  me  that  it  may  be  quite  easy  to  overestimate  the  oxygen 
consumption  when  vseo-dilataAion  occura,  since  the  measuremaikt  only  applies 
to  so  shcHrt  a  period.  The  application  of  this  consideration  to  the  question  of 
the  nature  of  vaso  dilatation  will  be  clear  later,  when  we  have  to  fiuscuss  the 
regulation  oi  the  blood  supply  in  Chapter  XX ITT. 

It  is  evident  that  the  amount  of  oxygen  rei^uired  by  active  organs  is  far  larger 
than  the  blood  could  carry  merely  in  the  oidinacy  state  of  solution  in  liquids. 
We  have,  therefore^  to  consider  in  the  next  place  the  extraordinary  substance^ 
ha»mog1ol^,  contained  in  the  red  Uood  corpiiscles,  by  whose  agency  oxygen  in 
adequate  Hvnount  is  conveyed  to  the  tissues.  As  ffir  as  difficulty  of  understanding 
is  concerned,  this  mechanism,  as  we  shall  see,  is  similar  to  that  of  its  near 
relative,  chlorophyll. 

HiBMOGLOBIN 

• 

Although  it  is  this  substance  which  is  contained  in  the  red  blood  corpuscles 
of  the  vertebrates,  and  is  responsible  for  the  taking  up  of  oxygen,  and  the  giving 
it  off  again  when  required,  it  is  not  to  be  supposed  that  tiiere  are  no  other 
similar  substances.  In  fact,  in  the  blood  of  molluscs  and  Crustacea  there  is 
a  pii^mofit,  ha'mo<  vanin,  wliich  ser\  cs  the  samr  puipose.  This  pigment  contains 
copper,  whereas,  9^  we  shall  see,  huimoglobin  contains  iron.  As  yet  we  know  com- 
paratively little  about  hsemocyanin,  especially  with  regard  to  its  relation  to  oxygen. 
It  is  a  matter  wMch  would  well  repay  investigation  to  determine  whether  it  has 
the  remarkable  properties  which  h.-emoglobin  has  in  this  respect,  properties  which 
are  at  present  unique.  The  work  of  Alsl  f  tl'  and  Clark  (1914),  to  be  given  pre- 
l^tlv,  indicates  that  luemocyanin  has  not  the  peculiar  properties  of  haemoglobin. 

Let  us  proceed  to  examine  these  properties. 

Hfemoglobin,  as  is  well  known,  is  a  compound  of  a  protein  with  a  complex 
acid  substance,  containing  iron  and  pyrrol  derivatives,  as  we  have  seen  (page  560). 
We  will  leave,  for  the  present,  furtlier  remarks  as  to  its  chemical  constitution, 
merely  stating  what  is  necessary  for  the  immediate  question.  This  is.  that 
it  exists  in  two  forms,  oxyhsemoglobin,  which  is  regarded  as  a  compound  of 
the  other  form,  buemoglobin,  or  "reduced  hnmoglobin,"  with  oxygen.  This  oxygen 
can  be  removed  by  exposure  to  a  vacuum,  so  tliat  it  is  stated  to  be  **  loosely 
combined/*  and  hfemoglobin  remains. 
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Now,  suppose  that  we  expose  blood,  oi  a  solutiou  of  liieinaglobin,  to  oxygen  at 
its  pressure  in  the  air  and  shake  together  ontil  no  more  oxygen  is  taken  up.  We 
find  that,  even  when  exposed  to  oxygen  at  a  higher  preesnre,  no  more  is  taken 

up.  At  least,  this  is  wliat  is  usually  held  to  bo  the  case,  but  there  are  very 
few  experimental  determiimlions  which  .sliow  tfiis  fact  directly.  At  all  events,  it 
is  practically  "saturated, '  as  shown  by  tlie  form  of  the  curve  which  we  shall  learo 
to  call  the  dissociation-carve." 

* 

Uararoft  has  recently  made  some  determinatioiiB  of  tiie  amount  of  oxygen  taken  by 

blood  exposed  to  a  gaseous  mixture  of  R.*)  per  cent,  oxygen  and  15  per  cent,  nitrogen,  and  tiDOS 
the  following  percent4U(e  degrees  of  saturation  as  compared  with  that  regarded  as  complete  : 
102,  99,  9S,  and  97  in  wat  experiments.  These  ralnes  were  corrected  for  the  gas  physically 
dissolved,  and  point  to  a  tme  astttratioa  point,  Tb^  were  kindly  oommnnioated  to  me  bgr 

the  experimenter. 

ypxt.  lot  tis  take  haemoglobin,  which  has  been  saturated  with  oxygen  at  the 
pressure  in  which  it  exists  in  the  atmosphere,  and  compare  the  amount  of  its 
content  in  iron  with  the  oxygen  contained.  It  has  been  satisfactorily  proved  by 
Peters  (1912),  in  very  careful  and  accurate  work,  that  the  amoant  of  oxygen  taken 
up  corresponds  to  that  required  to  convert  the  iron  into  FeO,.  Of  course,  thie 
does  tint  mean  that  the  oxygen  is  actually  combined  in  tliis  way,  as  •^omptime** 
app<Mrs  to  be  thought.  Sucli  a  peroxide  does  not  st^em  to  be  known  and  tiie  iron 
is  united  also  in  organic  combination.  A  trivalent  iron  might  be  united  to  two 
atoms  of  oxygen  in  peroxide  form  and  the  third  valency  attached  to  the  organic 
group,  but  such  a  combination  does  not  agree  with  the  formula  given  by  KUster 
(1912,  p.  4G9).  Too  much  strcis  mus^t  not  be  laid  on  this  point,  since  it  is  ditficult 
to  see  what  is  the  function  of  the  iron,  except  to  combine  with  oxygen.  It  is  to 
be  remembered  that  the  iron  in  hsemoglobin  is  not  in  such  a  turm  as  to  be  electro* 
lytically  dissociated,  and  that  it  gives  none  of  the  reactions  of  iron  salts.  AH  that 
we  are  really  justified  in  saying  is  that»  when  saturated  with  oxygen,  each  molecule 
of  liienuiL'lol)!!!  contain.s  two  atoms  of  oxygen  to  eacli  atom  of  iron,  or,  in  other 
words,  that  each  moleculo  of  hiemoglobin  takes  up  the  same  definite  amount  of 
oxygen.  The  work  of  Laidiaw  (1904),  however,  tends  to  show  that  the  iron  is  in 
different  combination  in  reduc(i(l  hamogloban  to  that  in  which  it  is  in  oxyhemo- 
globin, since  the  iron-free  derivative,  hnmatopOTphyrin,  is  easUy  obtained  by  the 
action  of  acid  on  tlie  former,  while,  under  the  same  conditions,  hamatin  is  obtained 
from  the  latter ;  that  is,  the  iron  is  not  split  off. 

But,  while  there  is  no  doubt  that  the  ratio  given  holds  for  haemoglobin  satui  at^ti 
with  oxygen  at  its  pressure  in  the  atmosphei*e,  say  160  mm.  of  mercury,  it  is 
a  curious  fact  that  in  the  presence  of  salts,  as  in  the  curve  on  p.  45  of 
Barcroft's  book  (1914),  the  course  of  the  curve  has  the  app^rance  of  going 
beyond  the  ordinate  marked  100  per  cent,  saturation.  Is  it  possible  that  tVio 
saturation  point  is  absuuied  to  l>e  that  of  the  asymptote  of  the  rectangular 
hyperbola  deduced  by  the  appUcation  of  the  law  of  mass  action?  As  we  shall 
see  presently,  this  is  one  of  the  points  that  remains  to  be  proved.  It  ia  qnite 
possible  that  it  will  be  found  to  be  the  case  that  complete  saturation  is  atteoned 
at  160  mm.  oxyj^en  tension,  but  if  it  should  be  found  that,  under  higher  tensions 
in  the  presence  of  .salts,  more  oxygon  can  Ix'  taken  up  than  that  corresponding  to 
one  molecule  of  oxygen  to  one  atom  of  iron,  the  fact  tliat  this  obtains  at  160  mm. 
tension  must  be  due  to  chance,  certainly  an  unlikely  possibility.  Thus  we  have 
met  with  the  first  puzzle^  but  a  more  difficult  one  will  be  found  immediately. 

There  are  one  or  two  iiuoie-ting  problems  with  regard  to  the  function  of  iron  in  haemoglobin 
which  have  not,  so  iar  as  I  know,  oeen  investigated.  H^matin,  which  is  hemoglobin  minus 
its  protein  oonstituent,  hot  OMitaining  iron  in  the  same  form  of  oomhuuktion,  loses  oxygen  by 
the  action  of  n  ilih.inc  agon)^  luid  Ix-conic'i  h;i-mo<  hrnmoiren.  This  latter  takes  up  oxygen 
from  the  air  again.  Now,  \im  hiemochromogen  the  property  which  hflunoglobia  haa,  as  we 
shall  see  presently,  of  taking  up  diffsrent  amoonts  of  oxygen  from  diflfarant  pressarss?  It 
would  appear  that  it  has  not,  ij-ince  tlic  oxygen  of  h«niatin  cannot  be  removed  by  the  air- 
pump,  lu  faot  it  behaves  as  a  chemical  ompound  should,  according  to  the  phase  role,  aa 
we  shall  see.  Hethmnoglobin,  again,  contains  iron  in  organio  combination,  but  does  not 
give  up  it?  oxygen  to  a  vacnnm.  It  has  l)een  .stated  that  a  protein,  obtained  from  yolk  of 
egg  by  Bungo,  contains  iron.  Is  it  capable  of  taking  up  oxygen?  Foster  (1»79,  p.  refers 
to  crystals  of  ozyhiemoglobin  losing  their  oxygen  in  a  VMunm. 
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Douglas,  H»kUoe,  and  HakUme  (1912)  point  out  that  liie  relative  atlinity  of  hemoalobin 
for  oxygen  and  earbon  monozido  varies  in  diflbrent  individttalB.   They  regard  this  a«  due  to 

the  LrlrJun,  sirioo  the  hamritin  part  is  always  the  same.  If  so,  it  is  difficult  to  see  how  the 
iroQ,  whioh  i«  a  ooiMtittteQb  of  the  latter,  is  alone  concerned  with  the  taking  up  of  these  gaaea. 

Fiflober  and  Brieger  (1912)  have  iiuid«  aa  interesting  investigation  of  tne  behaviour  of 
certain  iron  compotinda  to  oxygen.  They  reganl  the  combination  of  oxygen  in  the  blixHl  aa 
an  analogous  case  liud  that  it  is  in  the  form  of  a  peroxide,  which  is  stable  in  alkaline  solution, 
mutable  in  acid  solution,  similar  to  the  ferraiet  and  ferritee  wbtch  they  have  prepared.  At 
pre??ent,  howf^vcT,  it  is  difficult  to  bring  these  results  into  comp;irisoii  wi*^!:  tho  system  of 
nsmoglobin  and  uxygen,  since  they  were  obtained  bv  the  use  of  hydrogen  ^luxide  as  souroa 
of  oxygen,  and  I  cannot  find  evidence  in  their  work  uut  the  relative  proportion  bf  femte  and 
ferrite  is  dofeennioed  1^  the  tension  of  oxygen  gas. 

Let  us  now  consider  the  faot  whioh  has  already  been  incidentally  referred 
to.  Let  us  expose  hi«moplobin  t^>  oxygen  at  a  prc^^ure  of  only  10  mm.  of 
mercury.  We  find  that  l\m  uaiount  of  oxygen  taken  up  by  it  is  55  per 
cent,  of  that  present  in  saturation  (Barcroft,  1914,  p.  16).  If  exposed  to  a 
prassare  of  40  mm.  of  mercury,  it  is  84  per  oeot.  mturaied  and  so  on.  We  thus 
obtain  u  curve,  such  as  is  given  in  the  plate  opposite  p.  16  of  Bareroft's  hook 
1914).  Thi'^  rf>lationship  was  carefully  worked  out  by  Barcroft  and  Camis 
1909),  and  is  known  as  the  "dissociation  curve"  of  oxyhemoglobin.  We  shall 
find  presently  that  the  form  of  the  curve  varies  with  temperature  and  with  the 
prooenco  of  eleeMytes,  but,  for  the  praemt^  we  will  merely  take  the  fact  that 
the  amount  of  oxygen  taken  up  is  in  proportion  to  the  pressore  of  oxygen, 
that  is  to  the  concentration  of  oxygen  present  in  the  solution. 

Now  this  fact  has  not  snfTiciently  aroused  the  astonishment  of  in  vest  icrn  tors. 
Assuming  tlint  oxyhfemoglobui  is  ii  clieinical  compound  of  oxygen  and  liaMno- 
globin,  we  uuLuraUy  look  around  for  similar  ones,  but,  so  far  as  cheuucal 
oompounds  are  coneemed,  onr  search  is  in  vain.  There  is  none  like  it  known 
to  the  chemist.  Certain  systems  have,  indeed,  been  hastily  given  as  analogons; 
let  us  examine  them,  since  thcv  ai^  instructive  in  themselves. 

Dissociaiion  of  Calcium  Carbonate. — Calcium  oxide  combines  with  carbon 
dioxide  at  ordinary  temperatures  to  form  the  carbonate  and,  if  this  is  heated,^ 
as  in  the  lime  kiln,  the  carbon  diocdde  is  again  dnven  off  and  the  oxide 
obtained.  It  has  betan  stated,  probably  from  a  misnnderstaoding  of  the  table 
of  lie  Chatdisr  (18§3),  a  part  of  which  is  given  below,  thi^  ai  a  ffivm 
temj^rafvrf'.  difrprf>nt  pressures  of  carlx>n  dioxide  are  in  equilibrium  with 
different  relative  proportions  of  the  cai  b<male  and  oxide,  just  as  there  are  of 
hsemoglobin  and  oxyhtemoglobin  in  equilibrium  with  oxygen  at  diiierent  pressures, 
if  we  asamne  that  oxyluemoglobin  is  a  ehemical  compound. 

Table  of  Ls  Ch atelier 

XtmpwatON.  PraMun  in  cm.  M«icttl7. 

Mr  2-7 

625'  5-6 

746"  2S-» 

4   70*8 

865*     ....      -    133*3  ^ 

It  Is  somewhat  difficult  to  explain  the  meaning  of  the  numbws  in  the  above 
table  without  using  expressions  derived  from  the  phase  rule,  which  would  tend 
to  confuse  the  issue  as  regards  our  present  problem.    In  the  first  place,  we 

must  confine  ourselves  to  one  temperature,  a=;  i^  obvious,  and  assume  that  calcium 
carbonate  and  oxy haemoglobin  are  analogous ;  so  that,  taking  the  first  line  of  the 
table,  let  us  suppose  that  a  temperature  of  517°,  with  calcium  carbonate, 
corresponds  to  one  of  15*  in  the  case  of  o^hiemoglobin.  This  is,  of  course, 
admissible.  Now  the  table  states  that  the  dissodation  pressure  of  calcium 
carlx)nate  at  547"  is  2  7  cm.  of  mercunv  That  is,  calcium  carbonate  is  in 
equilibrium  with  carbon  dioxide  gas  jit  rli  ii  pressure,  so  that  no  change  takes 
place.  Next  8upp<Me  that,  without  ciiaagmg  the  temperature,  we  reduce  the 
pressure  of  carbon  dioxide  to  1  cm.  of  mercury,  and  maintain  it  at  this  level 
by  the  use  of  a  relatively  large  volume  of  gas,  as  we  do  when  dealing  with 
hnmogiobin  and  oxygen.   What  happens  is  that  carbon  dioxide  comes  off,  and 


Digitized  by  Google 


I 


6i6         PRINCIPLES  OF  GENERAL  PHYSIOLOGY 

contintips  to  do  so  until  the  whole  of  the  carbonate  is  decomposecl  and  pure 
calcium  oxide  remaimi  (see  Findlay  s  b<jok,  1904,  p.  79).  With  oxyhaiiuoglubiu, 
on  the  contrary,  reducing  the  oxygen  pressure  does  not  lead  to  total  reductko, 
but  to  a  diiTrrcnt  state  of  equilibrium  in  which  there  is  a  smaller  amount  of 
oxygen  "combined"  with  the  li:rm(iglobin.  Tf,  fii^ain,  we  start  with  e.ilciutn 
oxide  at  517%  and  expose  it  to  curbon  dioxide  at  a  pressure  of  2*7  cm.  of  mercury, 
the  whole  is  converted  into  carbonate ;  if  the  pressure  of  carbon  dioxide  is  less 
than  thii^  no  diange  takes  plaoe  at  all. 

If  the  ayatem  is  a  dosed  one^  so  that  there  is  only  a  limited  amount  of  carbon 
dioxide  present,  and  at  a  pressure  of  3  cm.  of  mercury,  then  a  certain  quantity 
of  the  gas  combines  with  a  part  of  the  calcium  oxide  nrnil  the  pressure  is  reduced 
to  2*7  cm.  of  mercury;  after  that,  nothing  further  happens.  But  this  has  notliing 
to  do  wiUi  the  hemoglobin  system,  since  oxyhaeraoglobin  may  be  in  equilibrium 
with  an  unlimited  atmosphere  of  oxygen  at  any  pressnrsi  and  remain  at  the 
same  percentage  saturation  indefinitely. 

It  is  perhaps  useful  to  state  the  oise  fdso  in  terms  of  mass  action.  A  detailed 
account  will  be  found  on  p.  55  of  ( Vh,  n's  lx)ok  (1901)  from  which  T  take  the 
following  condensed  statement.  As  iu  all  heterogeneous  systems,  it  ih  nut  a 
ample  matter,  at  first  sight,  to  understand  what  are  to  be  r^rded  as  the  actiTe 
masses  of  the  constituents.  That  of  carbon  dioxide  is  no  doubt  given  by  its 
pressure.  As  to  that  of  the  solids,  calcium  carbonate  and  calcium  oxide,  the 
consideration  of  water  and  of  naphthalene  will  assist.  Water,  in  a  closed  space 
and  at  a  given  temperature,  is  in  equilibrium  with  a  certain  definite  pr^uTe  of 
its  vapour.  Naphthalene^  although  a  solid,  behaves  similarly,  but  its  vapour 
pressure  is  very  small  and  difficult  to  measure.  We  may,  therefore,  assume  tiiat 
calcium  rarbonntn  and  calcium  oxide  are  also  in  equili1)riuu;  with  a  definite 
pressure  ot  their  vapours  ("  sublimation  tension  ")  at  a  particular  temperature. 

Now,  just  as  the  tension  of  water  vapour  is  independent  of  the  mass  of  the 
]j^ater,  so  are  the  sublimation  tensioiis  of  our  eahnum  oarbonate  and  caldum  oxide 
independent  of  their  total  masses.  Since  the  diemieal  reaction  takes  place  betweeo 
molecules,  it  must  be  in  the  vapour  phase  surrounding  the  solids.  At  a  given 
temperature,  the  concentrations  of  the  vapours  of  calcium  carbonate  and  cal<  ium 
oxide  are  constant^  being  proportional  to  the  sublimation  ^sions.  In  general, 
the  active  mass  of  a  soUd  at  a  given  temoerature  is  therefore  constant.  Next,  by 
the  law  of  mass  action,  we  have,  in  equilibrium,  at  a  given  temperature ; — 

K,(C3aCO,)-K,(CaO)(CO,) 
where  the  concentrations  are  taken  as  being  equal  to  the  vapour  pressures.  Xow 
(CaCO,^)  and  (CaO)  are  constant,  hence  also  Kj(CaC03)  and  Kj(ObO)  are  also 
constant;  call  the  former      and  the  latter  K.  and  we  have:— 

K,,  =  k^(CO.)  =  X  pressure  uf  CO^. 
Thus,  when  calcium  carbonate  dissociates  into  calcium  oxide  and  carbon  dioxide, 
at  a  given  temperature,  the  pressure  of  carbon  dioxide  has  a  constant  value,  which 
is  independent  of  the  relative  proportion  of  the  two  solids^  Tliis  is  called  the 
dissociation  len.sion  of  calcium  carbonate  at  the  temperature  in  question,  and  its 
behaviour  to  varied  tension  of  carbon  dioxide  has  been  sriVen  aVM>ve 

We  see  then  that  this  system  does  not  help  us.  It  is  sometimes  .said  that  it 
is  not  analogous  because  there  ai-e  changes  of  phase  in  it ;  but  there  are  albo  in 
the  case  of  oxyhmnoglobin  solutions.  l%is  substsnoe  is  in  the  colloidal  state ;  its 
particles  are  suffioientl^  huge  not  to  pass  through  parchment  paper  ;  it  therefore 
possesses  surface,  and  is  a  separate  phase  (Mines,  see  Bnrcrnft,  1914,  p.  51).  It 
might  1x3  held  that  the  molecules  of  huemoglobin,  being  in  kinetic  movement, 
forbid  the  application  of  the  phase  rule.  Experiments  are  needed  as  to  the 
bdiaviour  of  hemoglobin  crystals,  dry  or  in  saturated  solution.  Colloids  consisting 
of  single  molecules  also  require  investigation  ah  to  their  snrlaoe  properties. 

Th^  Phone  /luh. — As  refererRc  has  heen  made  to  the  application  of  this  rule 
to  oxy}i;vmoglobin,  a  few  words  are  advisable  to  explain  its  general  meaninir.  We 
have  already  seen  (page  48)  that,  in  a  heterogeneous  system,  each  component  which 
does  not  mix  with  the  others  is  called  a  phase,  and  that  there  is  a  boundary  surface 
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oF  separation  between  the  pliases.  Wlmt  are  to  be  rpsfnvflcd  as  tlie  components 
taking  part  in  the  equilibrium  is  not  always  easy  to  see.  Tliey  may  all  bo  of  the 
same  chemical  compound,  such  as  ice,  v  .iter,  and  steam.  In  a  gas  pha.se,  thero 
may  be  a  number  of  difibrent  gases,  but  it  remains  one  homogeneous  phase.  A 
mixtiire  of  dilforent  solids,  on  the  contrary,  consists  of  as  many  phases  as  there 
are  subatancps  present,  as  in  the  case  of  calcium  carbonate  and  calcium  oxide, 
dealt  M'ith  above.  The  components  of  the  system  aro  to  be  regarded  as  those 
which  are  not  mutually  dependent  on  one  another.  Tims,  iu  the  calcium  cat  bonale 
caae^  if  two  of  the  phases  are  taken,  the  composition  of  the  thii-d  is  defmed  by  the 
eqiiation : — 

GaOO,«*CaO+CO^ 

Suppose  that  we  have  a  given  mass  of  a  gas,  that  is,  one  phase,  we  cannot  define 

its  staro  by  fixing  one  only  of  its  independent  variables,  temperature,  pressure, 
anci  volume.  The  same  volume,  for  example,  may  be  obtained  by  changing 
pr^ciure  and  temperature  inversely.  But  if  two  are  fixed,  then  the  third  must 
nave  a  definite  valne ;  at  any  given  values  of  temperatare  mad  fwessore,  a  given 
mass  of  gas  can  only  occupy  one  particular  volume. 

Next,  suppose  that  we  have  two  phases,  say,  water  in  contact  w^ith  its  vapour. 
Here  the  condition  is  defined  by  giving  one  only  of  the  variables  a  definite  value, 
H  we  fix  the  temperature,  the  pressure  under  which  liquid  and  vapour  can  both 
exist  is  determined  also. 

FinaUy,  suppose  that  we  have  ice  also^  that  is,  three  pbas^.  We  find  now 
that  it  is  impossible  to  change  any  one  of  the  three  variables  without  causing 
disappearance  of  one  of  the  phases.  In  other  words,  there  is  only  one  temperature 
and  one  pressure  at  which  ice,  water,  and  steam  can  coexist  together,  the  so-called 
**  triple-point." 

We  see»  then,  that  according  to  the  number  of  phases  present,  a  difiiBrent 
number  of  the  variable  factors  requires  fixing  in  order  to  define  perfectly  the  state 
of  the  system.  This  number  is  spoken  of  as  that  of  the  de^jreei*  of  /reborn,  and  a 
system  is  said  to  be  invariant,  univariant,  bivariant,  or  multivariant  according 
as  the  number  of  degrees  of  freedom  is  zero,  one,  two,  or  more  timn  two. 

A  point  of  importance  is  that^  in  the  heterogeneous  systems  dealt  with  by  the 
phase  rule,  the  state  of  equilibrium  is  independent  of  we  amounts  of  the  pKases 
preeent. 

Willard  Gibbs  formulated  the  phme  rule,  which  may  be  most  concisel\'  put 
thus :  If  P  is  the  number  of  the  phases,  ¥  that  of  the  degrees  of  freedom,  aud  C 
the  number  (rf  oomponentsi  then, 

P+F«C+2, 
or,  F*.C  +  2  -P. 

The  greater  the  number  of  phases,  Uie  fewer  the  de^ees  of  freedom. 

In  the  case  of  water  in  contact  with  its  vapour,  we  have  two  phases  and  one 
oomponent,  so  that  the  number  of  degrees  of  freedom  is, 

F=l4-2-.2-L 

In  the  calcium  carbonate  .system  there  are  two  components,  CaO  and  CaCOg  (since 
carlx>n  dioxide  is  defined  by  CaCOg  CaO  +  CO ,),  but  three  phases,  gas  (there  can 
oaly  be  one  gas  phase)  and  two  solid  phases.  Thus, 

F-2-f-2  -3=1. 

Both  systems  are  imivariant,  i)osse.Hsirig  one  ilegree  of  freedom  only.  To  each 
temperature,  therefore,  iu  both  cases,  there  is  one  only  definite  pressure  of  vapour 
or  gas  with  which  equilibrium  is  possible. 

In  applying- the  phase  rule  to  the  case  of  htemoglobin  and  oxygen,  we  have 

two  solid  phases,  oxyhanno<,dobin  and  htrmo;^lobin,  if  we  assume  that  oxyh!emoq;lol>in 
is  a  definite  chemical  compound,  ^^'c  hav.^  <.ne  gas  phase,  oxygen.  The  number 
of  components  must  be  two,  and  therefore  again  ; 

F  =  2  +  2-3  =  l. 

So  that  it  seems  that  the  system  should  behave  like  the  calcium  carbonate  system, 
20  ▲ 
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with  one  degree  of  freedom  only.  But  this  is  not  in  agreement  with  experimental 
results,  which  sliow  that  the  system  is  bivariant ;  we  can  vary  both  temperature 
and  oxygen  preaaure,  and  yet  obtain  equilibrium.  We  must  either  assume  that, 
izutead  of  three  phases  we  have  only  two,  or  that  there  are  three  components, 
and  it  is  not  easy  to  see  how  this  happens.  Anothw  alternative  is  tiiat  the  phase 
rule  does  not  apply  to  the  case  of  micro-heterogeneous  systems,  ^lere  Is  reason 
to  believe  thfit  ^nirvature  of  surface  plays  a  large  part  in  the  properties  of  the 
colloidal  btate  (see  page  51  above).  This  fact  may  perhaps  bring  react  ions  in  which 
ultra-microscopic  particles  are  concerned  more  into  approximation  to  those  between 
molecules.  There  may  thus  be  a  region  in  whieh  transitional  states  between 
simple  surfisoe  adsorption  and  true  chemical  oombination  are  to  be  met  with. 
The  question  requires  further  investigation. 

The  two  important  principles  concerned,  that  d    mobile  eqnihbriani "  and  that  of  JLe 
'    Chatelier,  have  been  discuBsed  on  pages  44-45. 

Sodium  Bicari^otuUe. — A  solution  of  sodium  bicarbonate  in  water  iu  coutaci 
with  various  pressures  ol  carbon  dioxide  appears  at  first  sight  to  come  nearer  to 
the  kind  of  system  we  wamt,  since,  ev«i  after  allowing  for  the  inereased  solubility 

of  carlx)n  dioxide  with  pressure,  we  find  that  more  is  taken  up  as  the  pressure 
increases  and  in  certain  proportion  to  the  pressure,  although  the  amount  is  not 
great  and  the  range  is  a  short  one.  A  little  closer  examination,  however,  shows 
that  the  system  is  in  no  wav  analogous  to  that  of  luemoglobin.  In  sodium 
bicarbonate  we  have  a  salt  which  is  electrolytioally  diasodatod  in  water,  ao  that 
there  is  an  equilibrium  between  the  several  ions  and  the  undissociated  salL  When 
the  pressure  of  carbon  dioxide  outside  is  raised,  more  HCO3'  ions  aro  fnrme^i  in 
the  sohition.  The  result  of  this  is  that  the  dissociation  is  put  Imck  and  i  - 
sodiuui  exists  in  the  state  of  combination  as  bicarbonate,  as  is  seen  by  ilie 
dissociation  equation : 

(Na-)  (HC03')  =  K(NaHC0a)  (see  page  185). 

In  thto  system,  therefore,  there  is  more  additional  00,  than  is  to  be  accounted 

for  merely  by  the  increase  of  dissolved  gas,  but  the  increase  is  due  to  the  fact  that 
the  salt  is  electeolytically  di8Sociat<?d.  Oxyhemoglobin  does  not  dissociate  in  this 
way  into  oxygen  ions,  and  haemoglobin  ions,  and,  in  fact,  Hkp  other  proteins  and 
amino-acids,  it  is  an  amphoteric  substance,  and  to  all  intents  and  purposes  a  non- 
conductor. We  find  on  p.  22  of  Barcroft's  book  (1914)  that  a  solution  of 
luemoglobin,  which  had  only  been  dialysed  for  three  days,  had  an  electrical 
conductivity  equal  to  that  of  0*004  molar  sodium  chloride  otdy ;  further  dialysis 
would  have  reduced  it  still  more. 

Befincihh,  Dyestnffs. — There  are  a  number  of  dyestuifs  which  are  capable  of 
existing  iu  two  forms,  an  oxidised  and  a  reduced  form.  In  the  presence  of  oxygen, 
in  many  cases,  the  reduced  form  (leuco^baae)  is  oaddised.  Frot  W.  A.  Oshome 
informs  me  that  he  hoped  to  find  amongst  these  a  case  like  htemoglobin,  but  was 
unable.  All  of  them  behaved  like  calcium  carbonate;  that  is.  under  a  given 
oxygen  pressure,  tiie  dye  was  tMtlifr  <'ompletely  oxidised  or  completely  reduce<j, 
according  to  the  pressure.  Agam  a  case  of  all  or  nothing.  Further  work  is 
required,  especially  as  to  whether  dyes  in  the  solid  state  or  in  colloidal  solution 
behave  differently  from  those  in  true  solution. 

According  to  the  work  of  Al.slx?r<?  and  Clark  (1914).  hremocyanin  is  similar  to 
these  dyes.  Tt  is  blue  in  the  arteries  and  colourless  in  the  veins,  that  is.  the 
reduced  form  takes  up  oxygen  and  becomes  blue.  But  this  oxygen  is  not  given 
oflT  to  a  vacuum ;  the  blood  merely  gives  up  the  gas  dissolved  in  the  water.  It  is 
suggested  that  the  copper  contained  in  the  pigment  may  act  as  a  catalyst^  as  we 
have  seen  above  (page  585),  the  oxygen  being  thus  more  readily. given  off  to  an 
acceptor,  sucli  i\h  may  be  present  in  the  tissues.  If  so,  hft»mocyanin  would  be 
analogous  to  a  peroxide-peroxidase  system.  The  work  of  Bottazzi  (1919)  and  of 
I>h6r^  (1918)  show  that  there  are  complicating  conditions  present  in  blcMid 
containing  haemocyanin. 

Adtorption. — It  may  occur  to  the  reader  that  there  is  one  class  ol  cases  of  which 
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no  mention  has  yet  been  made,  namelv,  tho  takin''  up  of  I'ases  l)v  surfaces  such  as 
tnfit  of  charcoal,  adsorption,  in  which  we  certainly  get  a  relutiou  between  the 
■a.Li:kount  taken  up  and  tlie  pressure.    This  was,  in  fact,  suggested  by  Wolfgang 
Ostwald  (1908)  as  applying  to  the  hnmoglobin-oxygen  system.   But  it  is  obvious 
x\\&x  it  is  very  difficult  to  reconcile  the  fact  that  one  molecule  of  hsemo- 
^lobin,  when  saturated,  combines  with  one  molecule  of  oxygen  and  no  more, 
with  anything  hut  a  chemical  compound  as  the  JinnJ  )rsu!(.     ll\e  kcv  to  the 
puzzle  will  probably  be  found  in  a  combination  of  the  twu  proccs.ses.    Tlie  amount 
of  oxyhsemoglobin  would  be  deterniined  by  the  amount  of  oxygen  adsorbed  on  the 
surfiaoe  d  the  lueoioglobin  under  a  given  firessure.  .  At  the  same  time,  there  are 
difficulties  in  the  treatment  of  the  problem  from  this  point  of  view,  but  it  has,  as  yet, 
received  little  attcnti(^»n.    It  seems  clear  that  it  is  not  permissible  to  use  either  tlie 
law  of  UMIHH  action  or  the  phase  rule  as  applying  to  the  case,  until  it  has  been 
proved  that  they  do  or  do  not  hold  in  the  case  of  colloidal  solutions^  where  there 
must  he  surface  phenonuiia  intervening,  although  these  phenomena  may  not  be 
a£  simple  as  when  larger  and  flatter  sur&es  are  eoncemed. 

Taking  pure  hiemoglohin  in  solution,  and  regarding  the  oxygen  dissolved  under 
van'oiis  pressures  as  its  concentration,  which  is,  by  TTcTirv'?  law,  a  function  of  the 
pressures,  Barcroft  finds  (1914,  pp.  T7-23)  that  the  relative  amounts  of  hfpmo- 
giobin  and  of  oxyiitemoglobiu  which  are  present  under  a  given  oxygen  pressure  are 
in  accordance  with  the  law  of  maae  action.  The  curve  is  a  rectangular  hyperbola. 
XJnder  the  hypothesis  of  adsorption,  we  should  expect  a  parabolic  curve.  Under 
cei'tain  conditions,  as  we  shall  see  presently,  results  are  obtained  wliirh  correspond 
more  closely  with  such  a  curve.  The  greatest  difliculty  in  the  simple  adsorption 
hypothesis  is,  however,  that  already  mentioned,  namely,  the  ratio  of  oxygen  to  iron 
or  naonoglobin  in  complete  saturation. 

However  this  may  be,  in  reqiect  to  the  function  of  haemoglobin  in  the  organism, 
the  precise  way  in  which  oxygen  is  attached  to  it  is  of  less  importance  than  the 
investigation  of  the  ea.se  and  rapidity  with  which  oxygen  is  taken  up  from  the  air 
and  passed  on  to  the  cells.  It  is  especially  liere  that  the  work  of  l-Jarc^-oft  and 
his  coadjutors  on  the  dissociation  curve,  as  modilieti  by  various  agencies,  is  of 
inestimable  value. 

Before  passing  on  to  these  important  practical  qu^tions,  it  nmy  be  pointed  out  that  it  has 
been  shown  that  some  ooUoidal  (solutions  take  ap  gases  in  greater  proportion  than  is  to  be 
accounted  for  by  the  increase  of  ?-olubility  with  pressure.  The  experiments  of  Findlay  (1908) 
may  be  meniiuued.  Those  of  (Jctlcken  (1904)  are  also  to  the  point.  It  may  bu  aaked  why, 
if  the  taking  up  of  oxyKen  by  htemoglobia  is  oonditioned  by  a  surface  adsorption,  other 
colloidal  constituents  of  tiie  bloocl  do  not  show  a  similar  behaviour?  Now,  Geffcken's  experi- 
ments indicate  a  case  nhich  appearu  to  be  u.  typical  one  of  adsorption,  namely,  that  of  carbon 
^oxide  by  colloidal  ferric  hy(m)xide,  but  which  is  more  or  less  "specific,"  in  the  sense  that 
oxygen  is  not  taken  up  by  the  solution  in  any  larger  amount  than  by  pure  water.  This  system 
of  carbon  dioxide  and  ferric  hydroxide  woulcl  repay  further  investigation,  especially  from  the 
point  of  view  of  reversibility.  Granting  that  it  is  one  of  adsorption,  we  must  remember  that 
this  process  is  due  to  a  dimmution  of  surface  energy'  qfoMy  kind,  so  thatt  M  already  pointed 
oat,  chemioal  combination  on  the  surface,  if  associa^  wit4i  dimlnntton  of  surface  energy, 
would  take  place.  But  this  does  not  really  help  us  in  the  hanioglobin  problem,  bee.ui.-e  we 
are  still  fac«d  with  the  same  ditfifiolty  oi  equilibrium  with  different  oxygeu  teosions ;  tbo 
hypothetical  ohenilcal  compound  u  merely  changed  in  poRition,  so  to  speak.  Moreover,  it  is 
not  eaay  to  see  how  a  permanent  equilibrinrn  couM  Ite  estnblislied,  sinci'  tlie  eonipound  on  the 
surface  must  interchaoge  eoooer  or  later  with  the  molecules  inside  the  aggregate.  Is  it 
possible  that,  after  all,  there  may  be  some  state  of  combination,  neither  mere  surtace  adsorp- 
tion nor  eheinieiil  in  the  true  sense,  but  intermediate  between  them,  as  appe.ira  to  have  been 
held  by  van  bemuiolen  and  by  Ostwald?  The  effects  of  great  curvature  of  the  surface  of 
colloidal  particles  may  be  oallea  to  mind.  The  interesting  views  of  Langmuir  (p.  64)  on  the 
nature  of  sdsorptianan  of  importMioe  in  the  present  oonneetion. 

Ration  to  Temjwraiurt. — Under  a  given  oxygen  pressure,  it  is  found  that  less 

oxygen  is  taken  up  by  heemoglobin  the  higher  the  temperature.  A  series  of 
curves  will  be  found  in  Fig.  190,  from  Barcroft's  book  (1914,  p.  36).  This  is 
el*'arlv  of  importance  with  regard  to  the  giving  up  of  oxygen  to  the  ti'^sues. 
Sii]  I  <  se  that  bluod  at  38°  has  come  into  equilibrium  with  an  o.xygen  tension  of 
lOu  mm.  of  mercury  in  the  alv^lar  air  of  the  lungs.  It  will  be  93  per  cent. 
Baturated.   From  the  expeiiments  of  Tenar  (1912,  3),  we  find  that  the  oxygen 
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tension  in  tLBSues  varies  from  zero  to  some  10  to  20  mm.  of  mercury,  dependent,  of 
course,  on  the  rate  at  which  it  is  consumed  in  relation  to  that  at  which  it  i» 

supplied.  Take  the  case  of  10  mm.  From  curve  IT  of  the  figure  we  see  tfiat 
at  thi«5  tennion  hsemoglobin  is  only  56  per  cent,  saturated,  so  that  the  diffen»nr<» 
between  56  \>(^t  r^nt.  and  93  per  cent.,  luiniely  37  per  cent.,  represenUs  that 
available  for  the  tissue.  On  the  contrary,  take  curve  11,  at  25'  ;  at  100  mm., 
we  have  about  98  per  cent  saturation ;  at  10  mm.  88  per  cent,  a  diflbreooe  of 
10  per  cent.  only.    The  advantage  of  the  warm-blooded  animal  is  plain. 

The  different  position  of  the  equilibrium  at  different  temperatures  must 
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FtO.  IflO.    DlSSOCMTIOV  CraVBS  or  OXTBJCHOOLOBIK  at  Oirt BBKST  TESfPEBATTBlS. 

Ordiiittte*— jwrnMitap?  of  reduced  hsemog^lobill. 
AbsciwB— tension  of  oxygeo  in  mm.  ol  jMrouf^. 

Ourvw  I,  II.  Ill,  ir,  and  V  oon-MpotKl  to  ir, ST.  as*.  Md  10*  0.  rapwtirtly. 
Note  ttut  the  htgfaw  tlw  (mapMfttnreb  (he  leai  oacjfeit  Is  iMid  hy  hvaiosioMii  at  ft  fivca  tcniloa 

of  Lho  KM. 

(Baroroft  and  Hill,  JL  Ph^tioi.,  39.  422.) 

obviously  l>e  duo  to  the  gi*eater  acceleration  by  temperature  of  the  dissociation  of 

oxyhfenioLrlr.liin  than  tliat  of  tlit>  takin'4  up  of  oxyiron.  Experiments  on  t\m 
question  wUi  be  found  in  Baicroft's  book  (1914,  Chapter  XX.),  together  witli 
eurres. 

It  may  be  noted  that  the  effect  of  temperature  is  the  same  as  that  on  esses  of 
typical  adsorption,  where  it  is  due  to  the  negative  temperature  coefficient  d 

surface  f»nor«»v. 

2s ow,  since  raising  the  tenipiMatnTc  causes  dissociation  of  oxvlucniogloi'in, 
van*t  Huff's  principle  of  mobile  etiuiuunum  tells  us  that  the  "combination'  must 
be  associated  with  evolution  of  heat  Further,  van't  Hoff  has  worked  out  a 
formuht  relating  the  position  of  equilibrium  to  the  heat  evolved  on  combination. 
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Bar  croft  a  nti  Hill  (see  Barci-oft's  book,  1914,  Chapter  III.)  made  experiuieius  to 
determine  the  heat  evolution,  and  found  a  value  of  1*85  calories  per  gram  of 
faceraoglobin.  From  the  formula  of  van't  Hoff,  it  is  possible  to  calcnkte  the 
molecular  weight  of  hiemoglobin,  on  the  assumption  that  each  gram  combines  with 
1  -34  c.c.  of  oxygen.  The  result  came  out  nearly  identical  with  the  accepted 
iiiulecular  weight,  16,669,  and  it  is  clear  that  it  affords  considcnible  support  to  the 
view  of  true  chemical  combiuatioa.    But  here  we  come  across  another  puzzle. 


Fio.  IM.  ErracT  or  iiacntoLTTEs  osr  vhb  snBociATioK  cthte  or  HJocooLOBniEi 


Ordtnate*— percentage  Mtuntion  of  tuemoglobin  with  oxygen. 
Alis(-U8» — tension  of  oxyigta  in  mm.  mercarf. 
0— conrc  from  dial^'ied  aolatioB. 
1  l-~<m'B  toMB  TO^ityMd  MliithnL 

TN  flnfe  oorve  (decttaietw  tSbtmt)  corre^Mnds  to  Bttteer^  oarrip  voA  to  a  itctMigalT  bnivbota.  Ik 
|MUM»  vtrf  iMtfly  through  Om  iperimepul  valueek 

Tbe  Moond  curve  (aalta  praMiDt»  In  low  conoentimtkm)  Is  Bohr's  conre. 

Hie  dtflkrowe  lietiwen  tlM  degree  ol  aeituatioB  to  eepedaUy  marked  at  the  lower  wtygta  tenrioo. 

(Bararoft  and  Roberts,  Jl,  PAy«id(.,  39»  148. ) 

The  heat  of  combination  of  oxygen  and  haemoglobin  has  been  detci  inined  by  other 
experimenttTS,  and  results  consitlerably  lower  than  that  mentioned  have  been 
obtained;  the  numbers  may  be  found  in  Meyerhof's  paper  (1912,  1,  p.  164).  If 
we  consider  only  that  of  Torup  (1906),  whidi  was  obteined  by  a  method 
essentially  the  same  as  that  of  Barcroft  and  Hill,  and  there  is  no  apparent  reason 
to  doubt  the  accuracy  of  the  determination,  we  find  only  0"678  calorie  per  gram. 

du  lioifi-Keymond  (1914)  found  values  between  1*06  and  1*77,  in  the 
mean,  136. 

In  the  consideration  of  the  problem  we  must  not  forget  that  the  coudenB&tion  uf  gases  00 
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flurfaoes  (adsorption)  is  also  accompanied  by  the  evolution  of  heat,  as  would  indeed  be  erpeot<-'j 
from  the  oompressioD,  or  perhaps  liquelaoliop,  involved.  If  we  take,  for  example,  the  v»Id«s 
obtained  Titoff  (1910),  w«  toA.  tbat  the  heat  evoWed  in  the  adsorption  of  various  sa^es  bv 
charcoal  is  of  the  Mine  order  as  the  values  of  the  "heat  of  combination  "  of  hiemoglobin  with 
ozvgen.  Thus :  »t  0*,  1  a.  of  obarooal  adsorbed  0-259  co.  of  mtrogeo  under  a  pressure  of 
lO'^Tmni.  of  meroury,  witti  a  development  of  heat  tA  0*373  oalorie  per  adsorbed.  Tbr 
oorresponding  valuer  for  carbon  ilioxide  and  ammonia  are  about  0  33  and  0  4  cnlorie.  <>r  - 
gram  of  hemoglobin  at  room  temperature  takes  up  1*94  o.c.  of  oxvgen,  and  gives  1-65 
oalories,  ti»t  is,  1*37  otioriM  per  0.0.  If  we  ttko  Tottipi's  molt,  «•  Mve  041  aalom  per 
oxygen  taken  np.  I  msraty  oill  Attention  to  the  fiot,  irathoat  drawing  oonotlnnann. 

Effect  of  StUt  «md  <^  Amd. — Tb6  dinoeiatioii  emre  of  pure  haemoglobin,  as  we 
liAve  seen,  can  be  ezpreiBed  by  the  equation  to  a  rectangular  hyperbola.  It 
however,  we  compare  this  ennre  witii  tbat  given  by  Bohr  for  haemoglobin  &s 

present  in  blood,  wf  s#^e  that 
the  latter  has  atiifl'ereut  iiliape. 
Now,  it  wati  shown  by  Barcroft 
and  Roberto  (see  Barcroffs 
book,  1914,  p.  22)  that  Bohr's 
curve  is  correct  for  normal 
blood,  and  that  if  the  blood  is 
dialysed,  the  first  form,  similar 
to  that  obtained  bj  Hufner 
with  pore  solntioiu  of  Imod- 
globin,  is  obtained.  Fig.  191 
18  a  reproduction  of  one  giveB 
by  Barcroft  and  lioberts. 

The  physiological  iiuport- 
•noe  of  this  fact  is  nmiUr  to 
that  referred  to  above  in  eon- 
nection  with  temperature.  In 
the  presence  of  salts,  haemo- 
globin givea  off  its  oxygen 
more  rndily,.so  tiiat  tf  tbe 
oxygen  tension  in  the  tissiMs 
has  fallen  to  10  mm.  of 
mercury,  the  peroHntape 
saturation  of  the  hfemogiobia 
of  the  blood  may  be  reduced 
to  25  per  cent.,  whereas,  if 
the  h»maglolnn  were  in  pore 
solution  in  water,  it  woula 
only  be  reduced  to  d5  per  ceoL 
of  saturation. 

Tke  effect  of  aeid  is  the 
same  as  that  of  mlt«,  but  more  marked  (see  Fig.  192).  Investigation  shows  that 
the  effect  is  due  to  tbe  liythogen  ions.  Again,  its  importance  is  obvious.  All 
cells  produce  carlvon  dioxide  in  artivit}' and  muscle  in  particular  prodaces  Isctic 
acid.    Both  facilitate  the  giving  off  of  oxygen  to  the  active  cells. 

Christiansen,  Douglas,  and  Haldane  (1913)  show  that  the  amount  of  carbon 
dioxide  taken  up  by  blood  is  greater  by  one-tenth  when  the  h»aD0globin  is  reduced 
than  when  saturated  with  oxygen.  Venous  blood  can,  therefore,  take  up  more 
cnrlv>n  di<».\iile  at  the  same  tension  than  arterial  blood  can.  As  the  blo<xl  takc*^ 
up  oxygen  again  in  the  lungs,  this  cailxm  dioxide  is  more  easily  given  off.  Froui 
the  adsorption  point  of  view,  this  fact  is  not  dithcult  to  explain.  According  to 
Freondlich  (1909,  p.  116),  and  the  experimental  resulto  of  Heaqtel  and  Vater 
(1912),  from  a  mixture  of  solutes  each  oonstitaent  is  adsorbed  and  the  relslive 
proportion  is  governed  bj'  their  relative  powers  of  lowering  surface  energy,  but 
even  that  one  which  lowers  surface  eneri'V  tnost  if?  adsorlied  less  than  from  a 
pure  solution.  Hence  it  appears  that  the  lower  the  tensioii  of  oxygen,  tbe  more 
carbon  dioxide  would  be  adsorbed,  and  the  lower  that  of  carbon  dioxide,  the 
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AbauiiiMtt  — oxyggn  tenMoo. 
UppwoefceoTfe  with  S  nun. 

Middle  curve  with  21}  min. 
Lowect  our. i'  \\  ith  W  imii. 


(Barcroft  and  Toulton,  "  Proo.  PhysioL  Soc." 
in  JU  Pkimd,,  40,  p.  iv. ) 
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more  oxygen.  Each  gas,  in  fact,  assLsts  to  drive  oflF  the  other,  but  we  iTquire 
more  knowUvlge  of  the  relative  lowering  of  surface  energy  at  the  htrmofrMhin- 
plasma  boundary  effected  by  the  two  gaaes  before  we  can  make  any  calculations 
on  this  basis. 

The  fonn  of  the  diBaoeiatioii  cnrYo  Is  sensitive  to  the  c<moeiitirmtioii  o( 
liydrogen  ions,  so  that  it  can  be  used  as  an  inmeator  for  chanfles  in  this  diieotion 
occurring  in  the  blood,  either  as  the  nsolt  ol  miiBOidar  vork,  Of  want  of  oxygen,  or 

in  p«tholo<;i<  al  .states  ol"  "  Hciiiosis." 

Now,  wiiut  are  the  equations  to  the  curves  obtained  m  the  presence  of  acid 
or  of  saltsf  Since  hMiioglobin  is  in  colloidal  sointion  and,  ai»  we  have  seen 
(page  91),  electrolytes  have  a  powerful  effect  in  causing  aggregation  of  obUoidal 
particles,  this  phenomenon  would  naturally  be  looked  for  as  the  explanation. 

A.  V.  Hill  (1910,  2),  on  the  hypothesis  of  the  aggregation  of  molecules  of 
hsemoglobm  causing  the  reaction  to  become  of  a  higher  order  than  unimolecular, 
•nived  at  an  expression  of  the  Ibcm : — 


where  y  is  the  percentage  sataratum  of  hemoglobin  with  o^  gen,  x  the  oxygen 
pressure.  This  fiormnla,  by  proper  choice  of  the  constants,  K  and  «i,  was  found 
to  apply  to  the  experimental  data  of  several  eases  taken. 

Tn  attempting  to  understand  the  meaning  of  this  equation,  it  is  well  to  point 
out  that  Hill  himself  (p.  vi)  Hid  not  profess  to  attach  any  direct  physical  meaning 
to  the  constants,  although  iiarcroft  (1913,  p.  481^  regards  K  as  the  equilibrium 
constant  and  «  as  the  average  nnmher  of  moieemes  of  hmoglobin  in  each 
aggregate.    Hill  subsequently  adopts  tliis  view  to  a  large  extent  (1913,  6). 

It  must  be  confessed  that  it  is  a  very  difficult  matter  to  grasp  the  conditions 
under  which  the  various  states  of  equilibrium  in  a  colloidal  system  are  attained, 
and  any  criticism  that  I  may  make  as  to  the  above-given  interpretation  must  not 
be  misunderstood.  It  is,  undoubtedly,  an  extremely  valuable  contribution  to  the 
theory,  but  careful  consideration  has  made  it  clear  to  me  that  some  doubtful 
assumptions  are  made,  and  that  a  satia&ctoty  sointion  of  the  probl^  will  oeXj 
be  reached  by  taking  account  of  the  conditions  prevailing  at  the  boundary 
surfaces  of  the  phases  of  a  heterogeneous  Rvstem,  miercvheterogeneous,  it  is  true, 
and  that  the  law  of  mass  action  alone  is  msulhcient.  I£  the  phase  rule  requires 
special  proof  in  its  application  to  colloidal  systems^  so  also  does  the  simple  law  of 
mass  action. 

It  is  clear  that  Hill's  formula  applies  to  the  curves  obtained  by  experiment. 
Looking  at  those  of  Figs.  191  and  192,  we  see  at  once  that,  under  the  influence  of 
electrolytes,  the  dissociation  curve  is  no  longer  the  i*ectangular  hyperbola  of  a 
unimolecttlar  reaction.  But  why  should  mere  aggregation  of  hnmoglobin  change 
the  order  of  the  reactionf  As  I  understand  the  theoiy  of  velocity  of  reaotioD,  as 
based  on  mass  action,  the  order  would  be  changed  only  if  molecules  of  a  diffinmU 
chfnniral  kind  came  in  to  take  part  in  the  reaction.  There  seems  no  reason  to 
suppose  that  the  various  degrees  of  aggregation  of  hnmiOL^lohin  result  in  change 
of  its  chemical  nature.  With  lexard  to  oxygen,  of  course,  no  auggestion  of  this 
kind  is  possible.  On  the  other  hand,  it  is  not  impossible  that  aggregates  may. 
from  the  kinetic  standpoint,  behave  as  different  chemical  individuals.  So  that 
too  much  stress  must  m^t  l>e  laid  on  this  dilliculty.  If  we  grant  that  Hb  \% 
not  the  san^e  as  two  molocules  of  HbO,,  then  the  treatment  of  the  question  by 
mass  action  is  justifiable. 

There  are  two  forms  of  equation  already  known  to  us  in  which  we  have  an 
exponent,  which  we  have  called  n  in  both  cases.  Tlie  first  is  that  expressing 
the  velocity  of  reaction,  where  it  has  the  significance  of  the  number  of  ditl't  rfnt 
kinds  of  molecules  taking  part  in  the  reaction,  whose  concentration  may  vary 
independently,  so  that  it  is  necessary  to  take  account  of  the  change  in  concen- 
tration of  each.  In  this  case  it  must,  naturally,  be  a  whole  number.  The 
second  equation  is  that  expressing  the  amount  of  a  substance  adsorbed  by  a 
sinface  as  a  function  of  the  concentration  of  the  substance.   In  this  case,  w 
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may  it>e,  and  usually  i'^,  fractional.    Tlie  curve  in  both  cuses  l>elon£rs  to 
parabolic  family,  but,  if  we  glance  at  those  of  Figs.  191  and  192,  we  see  that, 
in  the  presence  of  nits  or  acid»  the  eaqperime&tal  curve  is  S-sl^ped,  that  ii^ 
more  complex  than  either  of  these  two  possibilities  alone. 

In  the  data  given  by  A.  V.  Hill  (1910,  2),  we  note  at  once  that  the  valnee  of 
n  are  mostly  fractional.  The  explanation  given  is  that  there  are  pn^spnt  a  number 
of  aggr^ates  of  hsemo^lobin  containing  diflerent  numbers  of  molecules,  s^i  that  the 
net  resolt  is  a  oomlnnatim  of  diflferwt  orders  of  reaction  above  the  uuimolecul^ 
one.  Bnti  as  already  pointed  out,  it  is  not  clear  that  it  is  legitimate  to  asanme 
that  the  n  of  Hill's  formula  correqKmds  to  that  of  the  expression  for  the  velocity 
of  reaction,  where  it  refers  to  the  numVwpr  of  kinds  of  molecules  taking  part.  If 
aggregation  takes  place,  it  wouM  scriu  more  likely  to  produce  a  change  in  the 
eU'ective  conctrntration,  luther  than  in  the  exponent;  that  is,  in  O  in  the  formula : — 

and  tiierefore  in  the  equUibrinm  constant^  K,     Hill's  formula. 

Pat  in  another  way,  it  is  not  obvious  why  the  ozder  of  the  reaction, 

should  differ  from  that  of 

Hb  +  Oj  =^  HbO.,, 

unless  Hbo  is  a  different  chemical  individual  from  HH.  and  that  it  dissociates 
diilerently.    But,  as  already  pointed  out^  this  may  be  so  (see  Barcroft,  1914,  p.  60). 
In  the  reaction : 

fitA+B^  StOH+HA, 

altHough  the  association  of  water  and  of  alcohol  diflers  at  diffisieat  temperatures, 
tiiere  is  no  evidence  of  a  change  in  the  order  ql  the  reaction,  so  &r  as  I  am  awara 

A.  V.  Hill,  in  a  further  note  (1914, 8),  shows  how  the  ssme  eqnatkm, 

_  Ka* 


can  be  obtained  thermtHlyjiamio.iHy  by  consideration  of  osmotic  prefssures,  without  reference 
to  aggtx^gaiioa.  But  tlie  applicability  of  mosa  action  to  tlie  system  is  assumed,  and  the 
difficulty  lies  here  ratht-r  than  in  the  hypothMis  <rf  sggregatkMl»  which  is  not  improbable.  It 
is  further  suggested  that  the  lowering  of  osmotic  pre«!«?ure  required  in  this  form  ui  treatment 
might  be  due  to  th«  unequal  distribution  of  electrolytes,  descTilj^xl  above  in  relation  to  Cougo- 
red  (page  1(}0),  but  the  electrolytic  nature  of  oxyhmnoi^bin  is  not  yet  demonstrated.  !nie 
Bituatioii  of  the  membrane  is  not  clear  when  none  is  provided  by  the  experimenter,  slthongfa 
the  boundary  between  the  gas  phase  anci  the  liquid  phase  may  act  as  such. 

"With  reference  to  the  constancy  of  n  (about  I'f))  in  the  presence  of  ditferent 
concentrations  of  carbon  dioxide  (see  Barcroft's  book,  1914,  pp.  65  and  66^ 
it  is  scarody  necessitry  to  add  that»  in  itself,  no  pro<rf  is  hereby  given  tiiat  it 
is  explicable  as  the  order  of  a  reaction.  As  Barcroft  remarks,  "  since  n  remains 
90  constant,  it  is  probably  the  expression  of  some  definite  physical  fact^"  and 
it  seems  to  me  that  this  is  as  far  as  we  can  go  at  present. 

The  constancy  of  n  with  a  particular  acid  leads  Barcroft  to  make  the  stateuiieut 
(TJla,  p.  490)  that  the  action  of  acid  does  not  lead  to  change  in  the  number 
of  molecules  in  the  aggregates,  but  to  a  diange  of  the  eqnUibrium  constant 
But,  as  we  have  seen,  it  is  not  satisfactorily  shown  that  n  refers  to  the  number  of 
molecules  in  the  aggregates,  and  T  might  venture  to  point  out  that  ronstancv 
of  the  exponent  is  also  a  charact^^ristic  of  adsorption.  From  the  smnlanty  of 
the  curves  in  the  cases  of  the  action  of  acids  and  of  salts,  one  would  infer  that, 
whatever  the  addon  may  be,  it  di£fore  <M)ly  in  degree  in  the  two  cases.  It  might 
be  thought  that,  as  a  part  of  the  haemoglobin  molecule  is  of  protein  nature, 
this  would  enter  into  combination  with  acid;  but,  as  we  have  seen  (p.  103), 
there  is  no  evidence  that  proteins  or  amino-aeids,  except  the  strongly  basic  ones, 
combine  with  weak  acids  at  all.  Perhaps  measurements  of  the  electrical  con- 
ductivity of  hiemoglobin  solutions,  as  changed  by  the  action  of  acids,  might  throw 
light  on  the  question.  Barcroft  also  suggests  (1914,  p.  316)  that  the  H*  ion 
causes  tiie  globin  molecule  to  aggr^te,  and  itself  enters  into  combination  witii 
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the  h^matin  constituent.  Hsemfttin  itself  appears  to  have  acid  propeitiea,  so 
that  it  seems  difficult  to  accept  this  suggestion. 

On  the  whole,  it  is  clear  that  tnuch  more  work  is  necessary  before  we  can 
n^ard  the  nature  of  the  association  between  oxygen  and  hiemoglobin  as  decided. 
I  iiave  felt  it  neoeseary  to  point  ont  whero  existing  hypotheses  fail,  though  it 
woald  have  been  pleasanter  to  be  able  to  take  them  as  satisfaotoiy.  There  seems 
some  risk  that  the  question  may  be  considered,  prematurely,  to  be  settled.  At  the 
f;ame  time,  I  have  no  alternative  hypothesis  to  suggest,  although  I  cannot  help 
thinking  that  the  subject  would  repay  more  investigation  from  the  adsorption 
Doint  of  view  than  it  has  yet  received.  Kot  having  worked  at  it  myself,  I  hold  no 
brief  lor  one  side  or  the  other,  and  cannot  daim  any  particular  value  for  my 
Tenarki^  which  are  merely  baaed  on  the  aspects  presented  to  an  onlooker. 

The  Actitni  f>f'  Carbon  Moftoj-'rh. — This  gas  has,  as  it  is  exprp.«;sed,  a  much 
greiiter  "affinity  '  for  hsemoglobin  than  oxygen  has,  so  that,  in  a  mixture  of  the 
two  gases,  there  is  a  much  larger  amount  of  carbon  monoidde  combined  with 
hsemf^lobitt  than  corresponds  to  the  relative  tension  of  the  two  gases.  At  the 
£iame  time,  there  is  a  definite  law  regulating  the  proportion,  which  iias  been  made 
the  bjusis  of  a  method  of  determining  the  oxygen  tension  of  arterial  blood  by 
D<Mji:^]as  arid  Haldttnp  (1912).  .  According  to  Nicloux  (1913,  1914),  tho  relative 
pr<^portions  of  carlxjxyiia'inoglobin  and  oxyhtemoglobin  is  regulated  by  mass  action. 

With  r^rd  to  adsorption  from  mixtures  (pages  70  ftiul  822  above),  it  is  interesting  to  noti 
that  c&rbOD  inoiioxide  is  very  strongly  adsorbed  bv  ma.i\\  solid  catalysts  (BSneroft^  1918,  3)r 
JbCiing  as  a  poison  by  driving  oflFtho  reac  ting  constituents  from  the  surface. 

Optical  Properties. — ETiemogiobin  and  its  derivatives  give  very  definite  absorp- 
tion spectra.  in  Fig.  193  a  series  of  photographs  is  given.  The  fact  is  of 
prada^  valne  in  the  colorimetric  and  spectro)»hotonietrie  methods  d  estimation 
of  hsemoglobin  in  general  use.  One  cannot,  at  present,  assign  any  significance  to 
the  absorption  of  light  from  the  photo-chemical  point  (»f  view,  except  that,  as  wc 
saw  above  (page  571),  the  absorption  of  ultra-violet  light  has  probably  a  pro- 
tective function. 

Hartridge  and  Hill  (1914)  have  made  iuUrcsting  observations  on  the  infra-red  absorption 
of  hamo^obin,  cornpiring  it  with  that  of  reduccxl  lia-nioglobin  and  the  compound  with 
carbon  monoxide.  They  find  thnt  it  is  con«i'lprable  in  tliis  region,  l  i  h  In"  L'reat  radiation- 
energy,  and  that  the  absoqiuon  oC  carboxyha;moglobin  is  only  about  hair  that  ot  oxy- 
lUBaoi^bin.  It  is  clear  that  determinations  of  the  abeorption  in  this  region  of  th»  ■pectnun 
wonld  enable  estimations  to  be  made  of  the  relative  amounts  of  the  three  substances  prf-t-nt 
in  a  solution,  a  poiiit  uf  practical  importance,  as  we  shall  see  later  in  connection  witii  the 
oxygen  tension  in  blood.  The  measurements  would  be  made  by  a  thermopile,  as  described  in 
-the  oatalogne  of  Mcs-sfrs  Adam  Hilgor.  This  infra-rt-d  absorption  is  of  mtere^it  in  another 
■way.  Light  produces  a  chance  in  the  cquiUbrium  between  oxygen,  carbon  monoxide,  and 
li£emoffIobin,  as  sho^'n  by  Hudane  and  Lorrain  Smith.  We  have  seen  that,  by  Nernst's 
formula  (1913,  p.  679),  we  can  calculate  the  free  energy  of  a  reaction,  if  we  know  the 
equilibrium  constant.  Thercforo,  wc  have  here  a  photo-chemioal  reaction,  ni  which  light 
energy  can  be  stored.  Hartridge  and  Hill  calculate,  from  the  known  change  of  the  equilibrium 
•constant,  in  the  above  reaction,  what  this  amount  of  energy  is,  and  find  that  it  is  very  con- 
fliderable,  in  fact,  much  ^nreater  than  that  of  any  similar  photo-chemical  reactiuu,  with  the 
•aacosption  of  that  of  the  ouorophyil  sjstem. 

Ckemieal  ConUUmiion. — ^This  question  was  discnssed  briefly  in  Chapter  XIX. 
•(pages  560-561)  in  reli^on  to  chlorophyll,  and  the  meaning  of  the  iron  content 

was  reforrcfi  to  in  an  earlier  part  of  the  present  chapter  (page  614). 

Meihotlfi  of  Investigation. — A  useful  arc<r)nnt  of  the  methods  used  in  the 
determination  of  the  degree  of  oxygen  saturation  ot  iiiLuioglobin  is  given  in  detail 
in  the  appendix  to  Barcroft's  book  (1914).  The  apparatus  of  Winterstein 
^1912,  l)i  especially  with  the  later  improvements  (1913,  2),  is,  in  many  respects, 
very  convenient  in  use,  both  for  blooil  gas  analysis  and  for  respiratory  exchange 
of  sma]1  organs.  It  is  more  fragile  than  that  of  Barcroft  (see  fig.  189  above). 
Krogh>  apparatus  (1916,  p.  23)  is  an  excellent  one. 

THE  LUNGS 

We  have  seen  how  oxygen  is  conveyed  to  tlie  tissues,  hy  the  agency  ol 
Immogkilnn,  in  greater  quantity  than  could  he  done  if  it  were  merely  dissolved 
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Fio.  193.    ABsoRrrioN  spkctr  v  of  n.KMOoLOBiif.— Photographed  with  grating  spectrogmph. 

^—1,  Wave  Icnrth  scale. 

2-11  Series  of  dilutions  of  rahbifs  blood,  oxygenated.    Dilutions  renire  from  1 : 70  to  1 :  i'Xn 
'  The  ultra-violet  hand  is  seen  in  the  more  dilute  specimens. 
ThickneflB  of  layer,  U  mm. 

/J— 1,  Wave  lerikTth  scalf. 

2,  Normal  bl.Hid.  1  :70.  ^  ..        .     ^  ■  j  . 

3,  The  «»me  re<luce<l  with  anuuonium  tulphide.   The  dehc«te  band  in  the  orant^  la  due  to  sulph- 

bBmoKlobin. 

4,  Normal  blood.  1 :  lOa 

6,  The  SBUiie  re<lucetl. 

0,  Normal  bloo<l.  1 :  l.W. 

7.  The  same  reduced.  • 

O— I,  Wave  ienrth  Bcale. 

2,  Normal  blood.  1  : 'J  to  reduced.  , 

3,  Bk><>l  ex|»ose«l  to  Lvirbon  monoxide  and  then  acted  upon  by  ammonium  sulphide.    No  change  it 
the  Iwnds. 


The  brijfht  line  sjiectra  are  those  of  a  helium  tube. 


(After  Rost,  Franz,  und  Heise.) 
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in  the  blood-plasma,  and  bow  oxyhKoiOf^lobin  givm  tip  oxygen  to  places  wbere 
the  tendon  oi  tbe  gas  ia  lower  tban  that  where  the  oxygen  was  taken  up  by 

the  hiemoglobiD.  It  remains  to  consider  the  mechanism  by  which  haemoglobin, 
after  'being  robbed  of  the  greater  part  of  its  oxygen  by  the  ti?5snes,  replenishes 
it«  supply  from  the  external  air.  Incidentally,  the  carbon  dioxide  which 
liaa  been  given  to  the  bltx)d  by  the  cells  escapes  to  the  atmosphere  at 
fcha  «MM  time.  Aa  we  shall  see  later  (p.  636)  oarfaon  dioxide  is  transported 
almost  entirely  by  the  same  substance,  heemoglobin,  as  conveys  oxygen.  Of  ooorse» 
owing  to  the  greitet-  solubility  of  carbon  dioxide,  ft  somewhat  larger  amoant  ia 
dissolved  in  the  water  of  the  blood. 

It  is  generally  known  that,  in  uir  breathing  animals,  there  are  arrangements 
by  whUh  Si  large  svrfooe  of  blood  ia  brought  into  contaet  with  air,  which  is 
itself  rspeatedly  changed.  A  thin  membrane  is  all  that  intervenes,  so  that 
the  distance  through  which  the  gases  have  to  diffuse  is  extremely  short.  The 
or^ns  in  wlncb  this  interchange  takes  plnco  are  known  as  lunL's 

I  quoted  al>ove  the  experiment  of  Hooke,  in  which  he  showed  that  a 
renewed  supply  of  air  ia  necessary  to  preserve  an  animal  from  death  by  asphyxia. 
It  does  not  belong^o  the  snbjeet  matter  of  this  book  to  deseribe  the  details 
otf  the  muscular  mechanisms  by  which  the  air  is  sucked  in  and  expelled  from 
the  lungs.  Suffice  it  to  say  that  their  capacity  is  periodically  increased  and 
diminished  by  the  action  of  muscles  on  the  walls  of  the  cavity  iu  which  they 
are  contained. 

It  will  be  obvious  that  the  whole  of  the  air  cannot  be  expelled  in  expira- 
tkm  unless  the  longs  are  squeeaed  flat,  a  mechanical  impossibility  in  the 
construction  of  an  animal.    The  air  in  the  final  terminations  of  the  oranching 

«?r  tribes,  the  alveolar  air  sacs,  nnist  possess,  therefore,  a  tension  in  oxygen 
liiwRf  than  that  of  the  atmoapliere,  and  one  of  carbon  dioxide  higher  than 
that  of  the  atmosphere.  It  is  with  this  air  that  the  gattes  in  the  blood  enter 
into  exchange.  'A»  problem  before  us  is,  then,  how  do  the  oxygen  and  carbon 
dioadde  tensions  of  the  arterial  blood  leaving  the  lungs  compare*  with  those 
of  the  alveolar  air? 

Since  a  ^ns,  always  diffu'^ps  from  a  place  of  higher  tension  to  one  of  lower 
tension,  it  is  clear  that  if  the  pulmonary  exchange  is  regulated  by  tlie  laws  of 
diffusion  alone,  the  oxygen  tension  of  the  arterial  btood  can  never  exceed  ^t 
of  the  alveolar  air,  and  &ftt  its  carbon  dioxide  tension  can  never  fall  below  it. 

In  the  first  place,  it  is  important  to  grasp  the  meaning  of  the  tension  qf  a  gas 
in  a  fluid,  as  opposed  to  its  actual  ronrentmtion.  In  a  raixtm-e  of  gases  at 
atmospheric  pressure  the  matter  is  simple,  tiie  tension  of  any  one  is  proportional 
directly  to  its  relative  concentration.  Tlius,  oxygen  makes  up  21  per  cent, 
of  tiie  air,  and  therefore  its  tension  at  the  ordinary  atmospheric  pressure  is 
21  per  cent  of  760  mm.,  that  is,  159*6  nun.  of  mercury;  and,  in  fact,  it  is 
21  jier  cent,  of  anv  pre<;sure  under  which  air  may  be  plaee«l.  Now  55uppose  that 
■we  have  a  volume  of  gas  at  760  mm.  pressure  containing  10  ppr  cent,  of  carbon 
dioxide,  its  tension  is  76  mm.  "Flaioe  the  gas  next  m  contact  with  a  layer 
of  water,  and  allow  equilibrium  to  be  attained,  keeping  the  tension  of  the  carbon 
dioxide  in  the  gas  phase  constant  by  adding  more  as  required.  The  water 
dissolves  a  certain  quantity  of  the  carbon  dioxide,  and,  at  its  contact  surface  with 
the  gas  phAt^e,  a  certain  number  of  molecules  of  carlx»n  dioxide  are  continually 
entering  the  water  and  a  certain  number  leaving  it,  so  that  equilibrium  means  that 
the  same  number  enter  and  leave  in  the  same  time.  It  follows  that  the  tension 
of  the  carbon  dioxide  is  the  same  in  both  phases,  although  if  we  determine 
its  total  concentration  in  the  water  and  in  the  gas,  we  shall  not  find  it  to  be  the 
same.  Further,  let  us  add  some  alkali  to  the  water,  still  keeping  the  carbon 
dioxide  tension  in  the  gns  phase  constaivt  :  m  is  well  known,  carbon  dioxide 
combines  with  aikah  to  form  carbonate  and  bicarbonate,  ho  that  the  liquid  pliase 
wiU  contain  much  more  carbon  dioxide  than  the  gas  phase  per  unit  volume,  but 
again  the  t«Dsion  at  the  surface,  and  therefore  throughout  the  liquid,  must 
be  identical  with  that  in  the  gas  mixture  when  equilibrium  is  readied.  We 
may  deal  v  ith  oxygen  in  the  same  way,  supposing  haemoglobin  to  be  present 
in  the  liquid  instead  of  the  bicarbonate. 
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What  w«  have  to  do  Is  to  detennine  the  oxygen  and  carbon  dioxide 

in  arterial  blood,  and  compare  them  with  the  alveobur  teuBions  of  the  two  gases. 
The  methods  use«^l  to  do  this  are  tli"  r«r)v)n  monoyuJp  m^'th'^M^I  of  Haldane  and 
Douglas,  alrea^^lv  referred  to.  and  the  aen»Uinumel«'i  uu'lliotis.  The  latti^r  ot»ik!k-.t 
in  exposing  tiie  blood  to  a  limited  volume  of  gas,  of  a  composiiioa  a^i  nearlj  as 
possible  tiie  iMiine  as  rr^mards  the  teosums  of  its  oomponente  as  that  of  the  biood. 
After  equilibrium  has  l^een  attained,  the  competition  of  the  gas  phase  is  estimated 
by  the  usual  metliods  of  gas  analysis.  It  is  doubtful  whether  the  earlier  experi- 
ments were  trustworthy,  since  the  volume  of  the  ^.^as  was  too  larc"-\  Tliose  cl 
Kiogh  (1910)  are  free  from  this  objection.  He  devised  a  method  which  a 
szaall  babble  of  ^  oan  be  analysed  witii  the  greatest  accuracy.  This  babble  of 
gas  was  exposed  to  tiie  eurrent  of  arterial  blood,  being  kept  in  coostaat  motiaa 
by  the  current.  After  a  time  it  was  transferred  to  tM  neasaring  tobe,  and  the 
carlxm  dioxide  and  oxygen  contained  in  it  determined.  The  rosnU  was  that  tb? 
tension  of  oxygon  in  arterial  blood,  under  the  conditions  of  the  experiments.  «a£ 
always  lower  tlian  that  of  the  alveolar  air.  Hence,  so  far,  there  is  no  dilLculty 
in  the  division  theory.  The  tension  of  carbon  dioxide  was  found  practicallj 
identical  with  that  of  the  alveolar  air,  but  never  less.  Thf  actual  Taiue  of  the 
carbon  dioxide  tension  will  be  reft  rrn  l  to  again  later. 

At  this  point  we  must  consider  the  view  taken  by  Bohr,  who  beli<*ved  thit 
his  experiments  showed  that  the  alveolar  epithelium  has  the  power  of  actively 
secreting  oxygen  in  the.  direetifMi  ci  the  Uood,  so  that  fhe  tentfon  of  oxyg^  uk 
the  arterial  blood  may  be  higher  than  in  the  alveolar  air.  Certain  physiologists, 
Haldane  and  Douglas,  to  mention  two  only,  still  hold  Uiis  view  in  a  modified 
way.  While  admitting  that  the  evidence  is  against  the  secreti*»n  of  oxygen 
under  ordinary  conditions  of  re^t  and  even  of  temporaiy  want  of  oxygea, 
as  in  muscular  exereiae,  they  hold  (see  especially  Bouglas,  Haldane,  Hendersoo, 
and  Schneider,  1913,  pp.  204  and  205)  that,  dazing  the  process  of  *^^^T«^tiiw^ 
to  a  high  altitude,  with  ite  low  oxygen  tension,  the  lung  epithoUiim  develops 
the  power  secreting  oxygen.  Tlic  f  aille  given  on  p.  197  of  the  paper  nannii 
gives  a  number  of  datji,  and  it  will  Ijtj  been  that  the  oxygen  pressures  in  arterial 
blood,  as  determined  by  the  carbon  monoxide  method,  are  considerably  higher  than 
in  the  alveolar  air  in  all  the  oases  whieh  had  beoome  aoeUmatised. 

It  is  a  dilBeolt  matter  to  understand  how  such  a  function  should  have  bssn 
formed  in  the  cour^n  of  evolution  to  meet  a  need  very  rarely  arising.  "We  must 
remember  tliat  it  is  only  supposed  to  show  itself  after  exposure  to  want  of  oxvgen 
for  a  considerable  time.  We  may  also  consider  briedy  some  further  objections 
brought  by  Krogh  against  tho  view.  In  the  first  place,  Krogh  points  out  that, 
owing  to  the  form  of  the  dissociation  curve  of  oxyhsemaglobin,  the  hmnoglobin  it 
nearly  saturated  at  the  ordinary  alveolar  tension  of  o^gen,  so  that,  in  order  to 
increase  the  oxygen  percentage  by  0"4  per  cent,  only,  an  increase  of  tension  of  30 
per  cent,  would  be  necessary.  Of  course,  this  is  not  so  serious  an  objection  when 
the  alveolar  oxygen  tension  is  as  low  as  that  on  the  top  of  Pike's  ir'eak,  namely, 
about  60  mm. ;  but,  even  at  this  pcessure,  the  haono^bin  is  86  per  cent,  satoratsd. 
In  any  case,  it  seems  a  poor  result  for  a  new  and  special  mechanism  to  be  fonned. 
As  far  as  concerns  the  actual  work  required,  A.  V.  Hill  (1913,  .S)  .shows  that  what 
is  actually  necessiiry  to  raise  the  oxviren  tension  from  that  of  the  alvfM>li  to  that  of 
the  arterud  blood  in  Douglas,  Haldaue,  Henderson,  and  Schneider's  experimeuts  la 
a  very  small  fraction  of  that  done  by  the  ofganism  as  a  whole.  The  value  is  given 
by  the  expression  we  have  freqoently  made  use  of • 

where     is  the  higher  pressure  and,  of  course^  the  integral  has  to  be  taken  aloog 

the  particular  limits  of  the  dissociation  carve  ccnxesponding     the  respeeti^ 

tensions.  In  man,  the  amount  of  energy  per  minute  works  out  at  about  one  gram 
ciiloric.  This  might  bo  done  by  epithelial  cells  of  0*5  /t  in  thickness,  if  their 
efficiency  were  20  per  cent.,  that  is,  no  greater  than  that  of  the  body  as  a  wbde. 
Anotiber  criticism  made  by  Krogh  is  diat  the  histological  slarnctoreof  ttie  palmonai^ 
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epithelium  is  not  at  all  wlmt  would  be  expected  in  a  secreting  organ.  The  cells 
are  quite  thin,  and  very  unlike  those  of  the  gas  gland  of  the  fish,  where^  as  we  have 
seen  (page  361),  fhere  is  aa  obvious  reason  why  oxygen  Bhoold  be  aotiTely  secreted. 
A  gas  must  be  produced  and  absorbed  in  adaptation  to  the  pressure  at  diffmit 
depths.  It  has  been  said  indeed  that,  in  the  bird,  where  the  need  of  extra  supply 
of  oxygen  would  Ih»  supposed  to  l)e  j»reater  than  in  the  mammal,  the  puhnonary 
alvwH  are  devoid  ut  •  j  itheliul  lining  altoLjether.  Tf  thu  exchange  were  by  diffusion 
alone,  the  direct  contact  of  the  walls  of  the  blood  caipillaries  with  the  alveolar  air 
would  be  of  advantage.  Again,  unlike  a  secreting  gland,  oxygen  passes  with  equal 
focility  in  eitiier  direction.  Breathing  fire  damp,  for  example,  causes  instantaneous 
unconsrioui?ness  through  loss  of  oxygen  from  the  blood  to  the  gas  in  the  alveoli. 

Hartridge  (1912,  1)  introduced  an  improvement  in  the  carbon  monoxide 
method  of  Douglas  and  Haldane,  by  substituting  observation  of  the  change  of 
position  of  the  absoiptiou  bands,  which  is  produced  by  carbon  monoxide,  instead 
of  the  mere  Tiaoal  oompanaon  of  the  colour  of  two  solutions.  Using  his  new 
method,  Hartridge  (1912,  2)  investigated  the  effects  of  producing  oxygen  want  in  - 
the  tissues  in  three  ways,  by  breathing  mixtures  containing  carbon  monoxide,  by 
lowering:'  the  oxygen  tension  of  the  air  breathed,  and  by  doing  work.  He  was 
unable  to  find  any  evidence  of  oxygen  secretion  by  the  lungs  m  any  case,  but,  as 
waa  stated  ahore,  DouglaB  and  Haldane  now  hold  that  it  ia  not  to  he  detected 
until  acclimatisation  has  been  developed.  • 

Bohr  iatrodnood  tiio  consideration  of  the  rate  at  which  oxygeo  ocmld  psM  through  the 

pulmonary  epithelium  and  capillaiy  wall,  and  calculated,  entirely  trotn  theoretical  data,  what 
bo  called  ''invasion"  and  "evaaion"  ooefiScients.  The  conclusion  to  which  he  came  was 
that  the  diSerenoe  between  the  tension  of  oxygen  in  the  arterial  blood  and  that  in  the 
alveolar  air  could  only  be  accounted  for  by  Moretion  on  the  part  of  the  cella.  Krogh, 
however  (1910,  1),  made  direct  experiments  on  the  rate  at  which  oxygen  passed  from  water 
into  a  gas  bubble,  and  found  that  the  "invasion  coefficient"  is  really  nearly  seven  times 
that  calculated  by  Bohr.  It  seems  powible  that  the  solubility  of  oxygra  in  water,  which 
enters  into  the  formula,  is  altered  at  the  contact  sttrface  between  the  epithelium  and  the 
alveolar  air,  owing  to  the  action  of  surface  forces,  a  fact  neglectwl  by  Bohr.  Wo  saw  al>ovo 
that  thf>  aolubility  of  gaaea  depends  on  the  snxface  tension  of  the  liquid  Holvont  (dmo  54)t  aad 
that  •  low  sarbM  tension  hMsreasea  tiie  solubility  (Ohnstov).  It  is  quit«  possilm  that  the 
surface  tension  of  the  liquid  covering  the  membrane  of  the  lung  iilveoli  mav  have  a  very 
low  surface  tension,  owing  to  presenoe  of  Upoid.  If  this  were  so,  the  solubility  of  oxygen 
in  it  might  be  muoh  greater  than  that  reoconed  by  Bohr.  From  the  iuTSsion  ooeffioient 
it  can  be  calculated  how  much  oxygen  can  pass  into  the  bhxKl  in  a  ffiven  time,  ik  1.  although 
it  appears  that  it  is  sufficient  to  sati^  the  oonditions  of  rest  on  the  diffiision  theory,  it  is 
held  by  Bararoft  (1914,  o.  316)  tliat  diflnsioa  will  not  aeooont  for  the  lai^  amount  of  oxygen 
used  in  rxer-M-r-,  r  utkW  the  oonditions  of  low  oxygen  tension  aa  in  rarefied  nit.  It  is  to 
be  remembered  thul  the  calculation  requires  knowledge  of  the  quantity  of  bluud  passing 
through  the  lunj^  Krogh  and  landhanl  (1012)  deterrained  this  exprnmentaUy  in  man, 
and  found  that,  in  muscular  work,  it  miffht  rise  to  as  much  as  216  litres  per  minute,  instead 
of  the  much  smaller  number  taken  by  Bohr  (1909)  as  the  basis  of  his  calculation.  On  p.  22& 
we  find  the  following  calculation.  In  a  particular  experiment  it  was  found  that  16t2  0.0. 
of  oxygen  per  litre  in  Itlood  passing  through  the  lungs  was  taken  iip  nnrl  utilised;  that  is, 
85  per  cent,  uf  the  difference  between  arterial  and  venous  bhxxi.  In  muscular  work,  2,700  ao. 
of  oxygSD  were  consumed  per  minute.  Hence,  if  we  take  21  Utres  per  minute  as  the  cardiac 
output,  according  to  the  meaeurcments  of  Krogh,  wo  find  that  102x21  =3,400  c.c.  of  oxygen 

Ser  minute  can  be  taken  up  by  the  lungs — more  than  enougii  to  satisfy  rtsquirements. 
imilarly,  the  work  of  Patterson  and  StarUng  (1914)  shows  that  the  amount  of  blomi  sent 
out  by  llie  heArt.  when  '.rnrlciiiL'  under  optimal  conditions,  is  very  muoh  hirger  than  previously 
assumed.  Taking  the  data  available,  it  can  be  shown  that  the  amount  of  oxvgeii  which  the 
blood  can  carry  from  the  slveolar  air  by  diflPusion  ia  considerably  in  excess  of  that  found  i/o 
l>p  corwnmed  under  any  mnspulnr  work  hitherto  determined.  W  larie  Ivrogh  (19ir>)  liJis  fiukIh 
turtber  experiments  and  iindti  that  diflfusion  is  quite  capable  of  explaining  the  inaxiutum 
araoant  of  oxygsn  oonsnned  in  miueolar  work  (see  also  Bainbridge«  1919,  pp.  160' 169). 

At  the  same  time,  it  must  be  admitted  that  we  have  no  explanation  for  the 
resulta  of  Douglas  and  Haldane  on  Pike's  Peak.    It  sec very  desirable  that 

the  experiments  should  be  repeated  on  lower  animals  by  tlie  aerotonometer 
rnctlnxl  of  Kro^h.  The  didiculty  is  that  the  animals  must  be  kept  for  some 
time  under  reduced  oxygen  pressure  and  the  experiments  made  under  ansesthesia. 
As  regards  the  latter  factor,  the  adherenta  of  the  secretion  theory  may  make 
the  objection  that  the  narcosis  paralyses  the  secretory  power  of  the  cells;  but 
it  has  no  snch  eflfect  on  other  ghmds.   There  is  one  fact  in  the  data  given  by 
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Douglas,  llaldanp,  Henderson,  and  Schneider  which  sof»m«?  a  little  strange, 
although  it  may  have  no  sijrniticance.  Notwithstanding  that  the  art^^rial  oxygen 
tension  was  always  liigher  than  that  given  for  the  alveolar  air,  it  was  never  as 
high  aa  that  of  the  atmosphere  at  the  time,  although  occasionally  not  mneh  hekv 
it.  Why  should  the  secretory  power  fail  just  at  this  level  and  not  raise  the 
oxygen  tension  above  that  of  the  atmosphere  1  Is  it  possible  that  the  blood  had 
come  into  equilibrium  with  oxygen  tension  somewhere  which  was  not  givea 
correctly  by  the  measurement  of  that  of  the  alveolar  air? 

Might  it  not  also  be  possible  that  the  carbon  monoxide  method  givee  diflemt 
values  when  the  hsemoglobin  content  of  the  blood  is  increased,  as  in  the  case  mi 
acclimatisation  to  high  altitudes?  Hasselbalch  (1912)  shows  that  the  hydrogt'n 
ion  concentration  is  increased  under  these  circumstances.  However  this  may  be, 
the  question  seems  to  be  decided  by  the  experiments  of  Barcroft,  Cooke,  etc  (1920 
Barcroft  lived  for  six  days  in  a  chamber  in  which  the  oxygen  tension  was  redaced 
to  84  mm.  Samples  of  the  arterial  blood  at  the  end  of  the  time,  both  in  rest  and 
in  muscular  work,  showed  a  Icuw  oxygen  tension  than  that  of  the  alveolar  air. 
Thus,  the  direct  aerotonometer  comparison  has  now  been  made,  and  on  man  himself. 

This  question  of  secretion  by  th«  lungs  is  iniitractive  irom  the  point  of  view  of  "  vitAlisnn." 
When  first  proposed,  it  was  held  to  apply  to  the  ordinary  state  of  affi&irs ;  but,  as  improre 
laenta  were  roauc  in  experimental  iiicthods,  the  alisorption  was  sliown  to  follow  physical  law?: 
it  was  then  held  to  apply  to  caaea  of  muscular  exercise,  and  now  only  to  accUmatiaatiOT  to 
high  alUtwlea.  The  more  aceorate  tiie  methods  of  investigation,  the  better  ia  it  foand  thkt 
ohemioal  and  physioal  laws  are  capable  of  eacpUaning  phyaiolagioel  phenomena. 

THE  REGULATION  OF  RESPIRATION 

By  Ilydroyen  Ion  Concentration  of  the  £lood, — The  renewal  of  the  air  witii 
which  the  blood  interchanges  its  gaseous  constituents  is  effected  by  mnacolsr 

movements,  and  it  is  plain  that  the  rate  of  change  of  the  air  in  the  longs  needs  to 

be  varied  in  order  to  provide  for  the  different  rates  at  which  oxygen  is  consumed 
and  carbon  dioxid*'  evolved  in  states  of  rest  and  of  activity.    How  is  this  done' 

The  co-ordination  of  the  muscular  movements  required  is  effecte<i  bv  the 
"  respiratory  centre  "  in  the  bulb,  which  sends  out  periodic  discharges  to  the  motor 
neurones  of  the  spinal  segments  in  which  the  muscles  concerned  are  representsd. 
Like  other  nerve  centres,  this  centre  is  capable  of  being  influenced  by  afierenk 
impulses,  cspeciallv  from  the  IniiL's  themselves  (seo  page  632  l:)elo\v). 

It  in  the  great  merit  of  Haldane  and  Priestley  (1905)  to  have  shown  that  th-:^ 
i-^ulatioii  of  respiration,  meaning  by  that  the  amount  of  ventilation  per  unit  of  time, 
or  the  total  volume  of  air  sent  in  and  out  of  the  lungs,  is  e£feeted  by  the  enrboo 
dioxide  tensum  €i  the  arterial  blood,  which  is  the  same  as  that  of  the  alveolar  air 
of  the  lungs.  Later  work  showed  that  the  hydrogen  ion  concentration,  due  to  the 
dissolved  carbon  dioxide,  is  the  actual  exciting  agent.  The  cells  or  synapses  ol 
the  respiiatoi  y  centre  must,  therefore,  be  very  sensitive  to  hydrogen  i(jns. 

Now,  the  venous  blood  from  the  organs  does  not  pass  directly  to  the  centre, 
but  only  after  having  interchanged  with  the  alveolar  air.  The  carbonic  add 
tension  of  the  arterial  blood  is  then  the  determining  factor  of  the  ventilation.  It 
is  thus  of  some  importance  to  know  how  this  value  is  related  to  that  of  the 
alveolar  air,  and  this  again  to  that  of  the  venous  blood.  Bolir  thought  it  necessary 
to  assume,  along  with  oxygen  secretion,  an  active  excretion  of  carbon  dioxide  od 
the  part  ii  the  pulmonary  epithelium.  Krogh's  escperiments,  already  mentioned 
showed  the  carbon  dioxide  tension  of  the  arterial  blood  to  be  equal  to  that  of  the 
alveolar  air,  not  lets,  as  it  would  be  if  actively  excreted.  He  points  out  th.it 
the  remaikalilo  sensibility  of  the  respiratory  centre  to  a  slight  increase  <>f  the 
carbon  dioxide  tension  of  the  alveolar  air  would  Im*  upset  by  interference  with 
the  relation  between  that  of  the  alveolar  air  and  that  of  the  arterial  blcxxi,  such 
as  would  result  from  an  excretory  process.  Haldane  and  FHestley,  in  fact,  ehoveo 
that  a  rise  of  the  carbon  dioxide  tension  in  the  lung  alveoli  of  only  1*6  mm.  of 
mercury,  or  of  0  *22  per  cent.  ^>f  its  content  in  carbon  dioxide,  increases  the 
\('ritilation  of  the  hxn^s  to  double  its  previous  value.  If  the  carbon  dioxid-' 
tension  ot"  the  venous  blood  rises  by  a  very  small  amount,  that  of  the  alveolar  air 
will  also  rise  by  diffusion,  so  that  the  arMal  blood  leaving  the  lungs  will  have  a 
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slightly  higher  tensum  in  carbon  dioxide.   At  once  the  lespiratoiy  centre  is 

stimulated,  and  more  copimm  ventilation  rapidly  \v;(>hes  away  the  ezows  of 
carlxin  dioxide  from  the  ah  wii,  and  thus  from  the  venous  liltKxl. 

That  it  is  to  changes  in  the  hydrogen  ion  concentration  that  the  i expiratory 
centre  reacts  is,  perhaps,  most  definitely  shown  bv  the  experiments  of  Hamelbalcb 
(1912),  although  prexious  workeis  bad  found  that  the  centre  resf)onds  to  acids 
other  than  carlHtn  dioxide.  Reference  to  the>o  results  will  found  in  the 
]>apfr  by  Ha^sflKilch.  Those  of  Winterstein  (1911,  p.  179;  may  be  mentioned. 
He  found  that  respiratory  movements  could  be  induced  in  rabbits^  four  days 
old,  which  were  pecfosed  with  oxygenated  Ringer's  solntton  from  the  aorta, 
when  0*001  molar  hydroehlorie  add  was  added  to  the  solution,  although  no 
carbon  dioxide  was  present.  The  nature  of  one  kind  of  proof  brought  by 
H;!v-*>]Kal<'h  will  b  -  clear  from  the  following  consideration.  Since  a  particular 
carU)u  dioxide  t<.*usi«,»u  iu  tlie  alveoli  corresponds  to  a  dehuite  ventilation, 
when  other  things  are  unaltered,  it  follows  that,  if  we  find  this  same  ventilation 
along  with  a  lower  carbon  dioxide  alveolar  tension,  some  other  cause  must 
he  adding  its  influence  on  the  centre.  Hassdbalch  found  that^  by  altering 
the  dift,  hp  cordd  alter  the  hyrlrogen  ion  concentration  of  the  urin"^>  hence 
that  ut  the  blood,  which  he  also  measured  by  the  hydrofjen  electiXKie  descriix-d 
above  (page  192).  The  carbon  dioxide  ot  the  alveolar  air  always  varied  inversely 
with  this  hydrogen  ion  concentration;  hence  the  Inng  ventilation  is  always 
adjusted  in  such  a  way  as  to  maintain  the  hydrogen  ion  concentration  of 
the  blood  constant.  Since,  normnllv,  tlip  nlveolar  carlx)n  dioxide  tensi<)n  variei 
only  in  very  narrow  limits,  the  seri'^ilniitv  of  the  kidney  to  ac-id  in  the  l)l(x>d 
must  be  such  as  to  keep  the  coneentruiiuu  of  hydrogen  ion  in  the  blood,  other 
than  that  due  to  carbon  dioxide,  at  a  constant  level. 

Certain  observers  (see  Bainbridge,  1919,  p.  2S)  give  evidence  that  carbon 
dioxide  is  a  more  efficient  stimulus  than  corresponds  to  its  H  ion  concentra* 
rion.  The  soggestion  made  by  Jaoobe  (1920)  has  been  referred  to  on 
page  21?^. 

It  may,  perhaps,  seem  surprising  that  it  is  to  carbon  dioxide  rather  than 
to  oxygen  tension  that  the  respiratory  cratre  is  adjusted  since  it  is  oxygen  that 

is  the  chief  requirement.  Various  observers  have  sought  for  a  sensibility  of 
the  centre  to  a  fall  <»f  oxyiren  tension;  the  conclusion  arrived  at  has  been  that, 
until  the  oxygen  tenbion  falls  very  low,  and  the  product^i  ot  tissue  activity  are 
not  completely  oxidised,  no  increase  of  ventilation  takes  place,  provided  that 
increase  of  carbon  dioxide  tension  is  prevented.  Although  the  centre  is  not 
sensitive  to  fall  in  oxvgen  tension  in  the  sense  of  being  excited  by  it,  it  is 
possible  that  its  ex'Mtability  might  be  raised  so  that  the  same  earK'n  Hioxide 
tension  which  excite<i  it  normally  under  normal  oxygen  tension  migiit,  under 
reduced  oxygen  tension,  excite  gi-eater  activity.  Campbell,  Douglas,  Haldane, 
and  Hobson  (1913)  showed  that  the  alveolar  oxygen  pressure  can  be  varied 
within  wide  limits  without  sensibly  aflbeting  the  excitability  of  the  respiratory 
centre  to  carbon  dioxide. 

This  want  of  response  to  lowere<l  oxygen  tension  luav,  under  certain  conditions, 
lead  to  serious  consequences,  such  as  mountain  sickness,  which  will  be  referred  to 
later.  It  Is  the  increase  in  carbon  dioxide  teimon  that  produces  the  increase 
ol  pulmonary  ventilation  in  asphyxia,  so  that^  if  increase  in  carbon  dioxide 
be  prevented,  as  by  respiration  of  pure  nitrogen,  a  man  may  become  unconscious 
VM.f<.re  <>v)K*riencing  any  unpleasant  symptoms.  Similarly,  bv  forced  breathing,  the 
carliou  dioxide  tension  may  be  reduced  to  such  an  extent,  that  so  loui^  a  period 
of  absence  of  stimulus  to  the  respiratory  centre  may  ensue,  that  severe  signs 
of  want  of  oxygen  show  themselves.  Kxogh  points  out  that  any  mechanism  of 
active  excretion  ought  to  be  stopped  when  death  threatens  owing  to  loss  of  carbon 
dioxide. 

It  was  mentioned  aixjve  that,  when  the  oxygen  supply  to  the  tis^sues  ii 
considerably  below  their  requirements,  acid  products  are  formed,  especially  in  the 
muscles;  these  products  naturally  play  a  part  in  the  stimulation  of  respiration 
by  their  hydrogen  ion  content.   Thus  Ryffel  (1909)  has  shown  that  lactic  acid  is 
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to  be  found  in  tho  urine  after  vii,'on>us  muscular  exercise.  When  the  oxyiren 
tension  in  the  biood  has  fallen  below  about  60  mm.,  the  nerve  centres  are  exciusu 
And  ooliTiilriomi  enaueL  This  raralt  is  doe  to  the  IcmiMtioD  of  «sphjxial  product^ 
probably  of  an  acici  nature,  in  the  centres  themMlvea.    Mathison  (1910,  1911) 

studied  the  stimulation  of  the  spinal  and  bulbar  centres  by  deprivation  of  oxygCD 
without  increase  of  carbon  dioxide,  that  is,  by  respiration  of  nitrrteen.  nnd  chtw' 
to  the  conclusion  that  it  is  acid  formed  in  the  centres  themselvts  which  exciter 
them.    The  bulbar  (vasomotor)  centre  is  more  easily  excited  than  the  spinal 
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Fli;.  194.     RfSPIRATORV  KEFT.EXES  PBODI'CKD  BV  INFLATINO  TUE  LCTJ08. 

A,  The  dottod  Um  i«  Um  tnwiiig  «{ a  miraitijr  v»aaamMt  ooim«ot«d  with  tbe  ttMita,  ft 
tlM  indlciKting- diitonrfoa  of  the  hmgit. 

The  curvo  Kclow  it  N  tint  of  -.^  lever  uttarhed  to  tJio  di.ipliractn  "lliw  nf  tlie  rahMt,  and 
represents  the  movement  of  the  dUphra^  as  a  whole.  Thus  inspiratioD  it 
ihom  by  M  npiraid  inovciBMit  of  ths  eun^ 

Tlie  tracing  at  the  top  is  from  a  control  lev«r  llttOTlllMl  lA  ttw  Wills  flI  tlM  ObMt. 

Note  that  distensioQ  inbibits  uupimtion. 

A  Similar  «ff*et  of  iboit  loflatioo  witii  pure  4iydrogen.  To  ihow  tliftt  tlio  rvtali  of  the 
|.r. .  ir!in«:  experiiorat  wh  not  dno  to  oanatlon  of  mplmtton  owiag  to  tnerewMd 
mppl^-  of  air. 

(Head,  1889,  I'i.  2,  Figs.  2  and  10.) 

centres.  ThuB»  the  formor  reacts  to  thirty  aeoonds'  deprivation  of  oxygen,  to 
6  per  cent  carbon  dioxide,  or  to  2  c.c.  ^  lactic  acid.  The  spinal  centres  reqeiie 

two  minutes'  deprivation  of  oxygen,  30  per  cent,  of  carbon  dioxide  or  5  cc  iaotie 

6 

acid.  The  production  of  acids  other  than  carbon  dioxide  is  a  sudden  one  and 
occurs  at  the  point  when  the  cell  mechanisnia  an  banning  to  be  disoiganisedf 

hcnfc  tilt'  prncoss  is  not  of  n-^o  to  the  organism,  as  far  as  the  centres  referred  to 
are  concerned,  although  the  aci(is  formed  are  very  potent  stimuli. 

For  further  details  with  regard  to  tlie  chemical  regulation  of  respiration,  the 
essay  by  Douglas  (1914)  may  be  consulted. 

The  N€rr<>ns  M^chwMaim. — Fmm  what  we  have  seen  aboTe  (pages  600,  61 1,  sod 
540)  as  to  the  iniportance  of  afferent  impulses  from  contracting  musdes  (propri<^ 
ceptive  impulse^i  in  the  regulation  of  their  activity,  it  would  be  SOrprlsiQg  if  tbs 
respiratory  mechanism  were  devoid  of  similar  control. 

In  the  present  case  the  receptors  are  mainly  in  the  lungs  and  in  connwtioo 
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with  the  re5y:»iratnry  centre  by  means  of  the  vajjus  nerves.  Thev  have  been 
referre<i  to  above  fp:iL'e  .S.S?)  in  the  (li«;cnssion  of  the  meaning  of  the  electrical  changes 
in  the  peripheral  cutis  of  the  vagu.s  nerves,  jis  photographed  by  Eiuthoven  (see 
Fig.  106,  p.  386).  The  relattve  parts  played  by  the  nervous  and  the  chemical 
feetors  were  the  subject  of  investigations  by  F.  H.  Scott  (1908).  Although 
expiration^  under  nornial  conditions,  is  almost  entirely  a  passive  movement,  due  to 
fptum  of  the  mochanism  to  its  equilibrium  position,  it  is  well  known  that,  in 
dvspna-a,  co-ordinated  action  of  muscles  antagonistic  to  those  of  inspiration  takes 
place  in  the  expiratory'  phase.  We  must,  therefore,  suppose  that  ihe  respiratory 
sentre  is  double,  inspuatory  and  expiratory,  and  each  of  these  will  be  capable 
of  excitati<m  and  of  inhibition,  forming  a  system  subject  to  double  reciprocal 
innervation  of  the  kind  described  above  (page  498)  with  reference  to  the  flexors  and 
extensors  of  the  limbs. 

Although  it  had  been  known  for  a  long 
time  that  respiratory  movements  could  be  in* 
dueooed  reA«dy  by  stimulation  of  various  afferent 
rcrres,  and  especially  <:>f  the  va^us,  the  first 
'•l"ar  and  systematic  results  were  obtained  by 
Head  (lt!89),  using  a  slip  of  the  diaphragm, 
which  is  so  attached  in  the  rabbit  as  to  aUow 
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Fia.  196.   Effect  of  short  sucnos.— As  above  in 
regard  to  meaiiiDg  of  tnuringt. 

Kot«  tbat  delUtioo  excit«3  inspiratory  nioveinenU. 

(Head,  1889,  PL  2,  Fig.  9.) 


jYT^ — ^ 

/VVw — ^ 

Fra.  196a.  ^omAM  of  bftscis 

OF  VKNTILATIOV  OK  RESPIRA- 
TORY B£FIj:x£S.  —  Inspira- 
tion vpiwardt* 

J,  Notnud  trMdnir  of  diftphrsgm  slip. 

B,  Inflation.  Standstill  in  relaxation. 

C,  Suction.    .Staii<i>till  in  Ionic  con- 

T  r.ii-t  ion. 

I),  Combination  of  the  two.  Cessa- 
tion of  autoinuti'-  inov  iiK'nta. 
DtApbragin  n\  nirati  r>t;trt'  of  tonui. 

(Head.  168i^,  p.  31.) 


a  tracing  lever  to  be  connected  without  interference  of  the  nervous  supply  to  it  or 
diatorbanoe  df  tJie  normal  respiratory  movements.  The  original  paper  must  be 
tooaalted  %at  numerous  points  to  whidi  we  cannot  refer  here.  The  main  question 
b  as  to  what  happens  when  the  vagus  endings  in  the  lungs  nro  stimulated  by 
expau^ioT?  and  collapse  of  those  organs.  Hering  ami  Kreuer  (180)  luui  already 
matle  exjK'i  iin.  nts  of  this  kind  with  a  less  perfect  method,  aiid  founded  a  theory 
of  self-regulatiua  bv  the  vagus  nerves.  Head  showed  definitely  that  the  effBCt 
of  tncfWMe  tn  the  v&lume  61  3ie  lungs  is  to  inhibit  all  inspiratory  movements,  and 
that  decrease  0/  '  '  /wie  has  the  opposite  effect  of  exciting  inspiration  (see  Figs. 
194  and  195).*  Of  cunrvp,  we  vbonld  expect  from  what  is  known  now  of  tlio 
part  played  by  carbon  dioxide,  either  intlation  or  suction,  repeated  periodically, 
produces  stoppage  of  spontaneous  respiration,  owing  to  removal  of  carbon  dioxide, 
wt,  with  the  vagi  intact,  the  stoppage  is  in  the  position  of  inspiration  excitation 
of  inspiratory  centre),  widi  suction,  and  the  opposite  with  inflation  (see  Head's 
diagnm,  lig.  195a). 
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Scott's  experiments  (1908^  showed  that  the  increased  respiratory  activity 
produced  by  inbalfttion  of  Garbon  diozide  differs  in  form  when  tiie*  vagi  are  cot 
from  that  when  (hey  are  intact.   In  the  former  case  the  nspirations  are  increased 

in  depth,  without  increase  in  rate,  wher^^  there  is  an  increase  in  both  rate  and 
depth  when  tli'  vr^'^i  an-  intact.  It  would  appear,  then,  t>iar  the  inspiratiou« 
excited  by  carbon  dioxide  in  the  normal  state  are  cut  short  by  the  vagi 
inliibiting  the  discbxirge  of  the  centre ;  collapse  of  the  lungs  follows  rapidly,  tbe 
inhibition  ceaaes,  and  the  centre  is  again  aooessible  to  excitation  hy  carbon 
dioxide.  In  this  way  we  have  the  advantage  of  an  increased  rate  in  addition 
to  the  increased  depth.  Carl)on  dioxide  does  not  cause  the  centre  to  discbarge 
more  frequently,  but  with  iucrea&ed  strength  of  discharge.  The  function  of  | 
the  nervouH  regulation  is  thus  tx>  moderate  the  discharge,  which  tends  to  be 
'*a]l  or  none,"  in  the  absence  of  inhibitory  impulses. 

In  muacul&r  exercise,  increased  ventilation  is  chielly  provided  by  increased  depth.  lo 
Benedict  and  C^tlicart's  experiment*  (1913).  we  find  that  the  ventilation  may  be  inoreMed 
tenfold  while  the  rate  only  rites  from  20  to  30  per  miaute. 

4pn«a.~  Since  the  stimulus  to  the  respiratory  centre  depends  on  the  tension 
of  carbon  diozide  in  the  alveolar  air»  it  is  plain  that  a  diminution  of  this  tension 
causes  cessation  of  respiratory  movements.  This  is  true  apnoea.  Considerable 
discussion  took  place  at  one  time  as  to  whether  a  summation  of  the  inhibitorv 
vagus  impuli>es  described  above,  could  produce  stoppage  of  respiration.  Campbell^ 
Douglas,  Haldane,  and  Hobson  (1913)  have  shown  that  no  apnoea  can  be  produced, 
at  least  in  man,  unless  the  alveolar  carbon  dioxide  tension  is  reduced. 

EFFECTS  OF  WANT  OF  OXYGEN 

Some  a<?pect8  of  this  question  have  been  referred  to,  incidentally,  in  previous 
parjes.  A  few  words  may  be  added  hero  with  respect  to  "w?  ) /rf^iin  sickness!' 
In  a  low  atmospheric  pressure,  not  only  is  the  oxygen  tension  below  normal, 
but  the  alveolar  carbon  diozide  is  also  naturally  at  diminished  pressure.  Con- 
sequently, the  stimulus  to  the  respiratory  centre  is  absent  or  very  weak,  although 
increased  supply  of  air  is  n^seasary.  The  organism  suffers,  therefore,  itom 
want  of  oxygen.  The  sYrnpt^)ins  observed  on  Pike's  Peak  are  describe^I  thus  1)\ 
Douglas,  Haldane,  Henderson,  and  Schneider  (1913,  p.  308) :  constant  blueues-i 
of  lips  and  face,  loss  of  appetite,  nausea  and  vomiting,  intestinal  disturbance, 
headache,  sometimes  laintin<>;,  p>eriodie  breathing,  and  great  hypemcea  on  ezertion. 
Difficulty  In  mental  eflfort  is  also  experienced.  All  of  these  symptoms  are  snch 
as  ai-f  pr'^flurod  In'  want  of  oxygen.  The  view  of  Mosso  that  "acapnia"  or 
diminution  of  carbon  dioxide  is  the  directly  responsible  factor  can  no  lonirer 
be  iield  (see  especially  the  book  by  Zuutz,  Loewy,  Miiller,  and  Caspari,  1906/. 
Ilie  symptoms  are  almost  identical  with  those  of  carbon  monoxide  poisoning,  | 
"  which  have  been  shown  to  be  due  to  want  of  oxygen  and  to  nothing  elsa"  | 
The  psychical  disturbances  are  often  like  tliose  of  alcoholic  intoxication  ;  unreason-  i 
nh\^  bi'haviour  ou  the  part  of  visitors  required  the  presence  of  a  deputy  sherirt  on 
I'lke  s  Peak.  Perhaps  unreasonable  people  met  with  under  ordinary  circumstances 
are  really  suffering  from  want  of  osi^gea. 

The  first  proof  that  the  symptoms  and  dangers  of  low  barometrie  premin 
depend  on  diminished  oxygen  pressure,  and  consequent  insufficient  oxygen  contflDt 
in  the  blood,  was  given  by  Paul  Bert  (1878). 

In  acclimatisation,  the  acidity  of  the  blood  due  to  non-volatile  acids  is 
increased,  so  that  the  respiratory  oentra  becomes  properly  ezcited,  although  the 
alveolar  carbon  dioxide  tension  is  low.  At  the  same  time,  the  hiemoglobin  content 
of  the  blood  is  increased,  as  diown  by  Paul  Bert  (1882).  Dallwig,  KoUs,  and 
liOevenhart  f  l'M.'j)  describe  increase  in  the  activity  of  the  red  hone  marrow,  by 
which  the  number  of  the  red  blood  corpuscles  is  raised  under  lowered  oxygen  tension.  * 

It  will  be  obvious  that  the  danger  from  lack  of  oxygen  is  much  greater  is 
balloon  ascents,  where  no  time  for  acclimatisation  is  given.   The  tragic  aacent 
of  Tissandier  with  two  companions  in  1875  will  Ix-  remembered  (see  P«rf  I 
Bert,  1S7>^,  {>.  1003).    Some  of  the  words  used  by  Tis>^andier  are  worth  quotin?-  | 
as  typical  of  the  state  of  oxygen  deficiency.     ''At  about  7,500  m.  (30U  nun^  j 
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barometric  pressure)  the  condition  of  torpor  whicli  comes  over  one  is  extra- 
ordinary. There  is  no  suffering — one  rises  and  is  glad  to  be  rising.  This  .state 
of  eacfaumtioii  oontmues  to  tlra  last  moment,  and  immediately  preoedes  Iom  of 
eooicioiisiiess^  sudden,  unexpected,  and  irreaistiblo."   When  Tissundier  recoveced 

eonsdoasne^  both  of  his  companions  were  dead.  Although  all  were  provided 
with  oxvtron  to  inhalo.  thov  were  paralysed  before  they  were  aware  of  the  fact^ 
and  iheretore  unable  to  take  hold  of  the  tubes. 

THE  TRANSPORT  OF  CARBON  DIOXIDE 

Although  much  attention  has  heen  directed  ti»  the  trnns{>ort  of  oxygen  by 
haemoglobin,  it  is  remarkable  that  it  has,  almost  universally,  been  assumed  that  it 
is  the  bicarbonates  in  blood  that  serve  as  the  carriers  of  carbon  dioxide.  We  shall 
see  presently  that  this  is  very  doubtful. 

Notwithstanding  the  fsct  thatSetschenov  in  1879,  and  Bohr  in  1887,  showed  that 
hieoK^lobin  is  capable  of  taking  up  and  giving  off  carbon  dioxide  (see  Bohr's  article  in 
NaL"^]'s  "  TT.-mdhnc  h,"  1909),  the  rirr-nnistance  that  Bohr  attributed  the  ftinction  to 
the  protein  component,  and  the  apparent  belief  that  the  combination  of  lia*njoglol  »iii 
with  oxygen,  being  a  chemical  one,  excluded  the  possibility  of  its  being  able  to  take  up 
carbon  dioxide  in  a  way  simikr  to  that  in  which  it  takes  np  oxygen,  have  led  to  the 
neglect  of  what  has  recently  been  shown  hj  Buckmaster  (1917,  1  and  2)  to  be  by 
far  the  most  important,  if  not  tlie  <oh\  means  of  transport  of  earbon  fli-'xide,  that 
is  by  hcemoglobin.  He  shows  tiiat  pure  ha'ino^lui)in  alone  is  capable  of  taking  up 
.  large  quantities  of  the  gas,  and  giving  it  oH'a^ain  at  a  lower  tension. 

An  objeetion  might  be  made  that  the  complete  proof  has  not  been  given  that 
these  observers  were  dealing  with  haemoglobin  itself  and  not  with  the  sodium 
salt.  In  the  latter  case,  the  salt  ^vonld  probably  be  d<  ''oniposed  by  carbon 
dioxide  with  the  formation  of  <  orlium  bicarbonate  and  apparent  combination 
with  the  gas.  It  is  true  that  iioiir  (1887,  p.  170)  makes  the  statement  that 
he  tssted  &e  alkali  oontont  of  his  solutions  and  foand  it  absent  in  one  case  and. 
too  small  to'have  any  appreciable  effact  in  the  other. 

Let  us  first  consider  the  properties  of  sodium  bicarl)onate  in  this  respect. 
Bohr's  figures  (1909.  2,  p.  69)  for  the  dissociation  curve  of  this  salt  show  that  at 
a  ti  risiou  of  carbon  dioxide  of  40  mm.  of  mercury  there  is  practically  no 
dissociation,  the  whole  of  the  salt  exists  as  bicarbonate.  Even  at  12'5  mm. 
tension,  there  is  only  given  off  1*9  per  cent,  of  the  gas  contained  in  the  salt. 
Now  the  tension  of  carbon  dioxide  in  the  alveolar  air  of  the  lungs  is  40  mm. 
of  mercury,  so  that  bicarbonate  does  not  give  np  any  apprec  iable  fraction  of  its 
carbon  dioxide  to  this  air.  The  fact  that  the  tension  of  the  gas  in  the  alveolar  air 
is  high  enough  to  convert  all  the  alkali  of  the  blood  into  bicarbonate,  is  made  use 
of  in  the  method  of  Van  Slyke  (see  Tan  Slyke  and  CitUen,  1917),  to  determine 
the  amount  of  the  reserve  alkali  of  the  blood.  Whatever  the  tension  of  the  carbon 
dioxiile  in  tbf  tis'^iies  may  be,  none  of  it  taken  up  by  the  blood  in  the  form  of 
bicarbonate  ean  be  got  rid  of  again  merely  by  exposure  to  alveolar  air.  It  has 
b^n  said,  however,  that  the  hemoglobin  and  other  proteins  of  the  blood  act 
ss  aoids  and  assist  in  driving  off  the  gas  from  the  bicarbonato.  Apart  from 
the  fact  that  it  is  difficult  to  conceive  how  this  property  does  not  also  prevent  the 
combination  of  carbon  dioxide  with  the  alkali  tjf  the  plasma,  it  has  been  shown  by 
Buckmaster  that  carbon  dioxide  comes  off  from  Ijicarbonate  in  a  vaenum  no  faster 
in  the  presence  of  hemoglobin  than  in  its  absence.  If  any  protein  combines  with 
the  sodium,  displacing  carbon  dioxide^  it  must  be  because  the  protein  is  a  stronger 
acid.  If  so,  the  sodium  salt  of  the  protein  cannot  be  decomposed  by  the  carbon 
dioxide  of  the  tissues.    The  process  can  occur  but  once  in  the  life  of  an  animal. 

Parsons  (1 91 9),  on  the  ast^nmption  that  proteins  (haemoglobin  in  particular)  act  as 
weak  acids  competing  with  earUui  dioxide  for  possession  of  the  available  sodium,  cal- 
culates that  the  observed  experimental  data  can  be  satisfied.  But  there  is  very  good 
evidence  that  proteins  do  not  behave  as  acids  at  the  H  ion  concentration  of  blood 
(Bayliss,  1919,  2).  At  all  events,  the  experimental  proof  of  the  hypt>thesis  in 
question  has  not  xrt  Ixen  given.  Cushny  (1920)  shows  that  senim  proteiiis  do  not 
combine  with  sodium  or  potassium  at  the  H  ion  concentration  of  the  bloocl 

Although  it  may  be  that  the  proteins  of  the  plasma  take  up  and  give  oflf  a 
•mall  quantity  el  carbon  dioxide,  teversibly,  owing  to  adsorption,  there  is  reason 
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to  doubt  whether  they  form  salts  with  any  acids  but  strorii,'  ones.  The  diamino- 
acids  derived  from  proteins  by  hydrolysis  combine  with  carbon  dioiiide,  but  th«T 
are  strong  bases.  Fletcher  and  Brown  (1914)  showed  that  musd^  <ak  beating 
to  40  degrees,  gives  off  no  more  carbon  dioxide  than  that  driven  off  from 
bicarbonate  by  the  lactic  acid  formed.  A  further  evolution  occurs  on  scaldint;, 
which  may  bo  due  to  deoiTipovition  of  carbamino-proteins  (Siegfried),  bat  tiiii 
clearly  is  of  no  importance  tor  our  present  purpose. 

The  dissociation  curve  of  haemoglobin  as  regards  carbon  dioxide  is  given 
hy  Bohr  (1887).  The  upper  cnnres  of  Fig.  196  give  that  of  blood,  aooording  to 
Qiristiansen,  Douglas,  and  Haldano  (1914).  Comparing  than  with  the  bottocn 
cuTTe,  that  of  sodium  bicarbonate  in  the  concentration  oocnrring  in  blood,  aoootd- 
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Fio.  190.  CABBOir  Dioxide  in  Blooh. 

.1,  rortion  o(  diaaociation  curve  of  carbcxi  <lio\i<k-  in  I>1o<lk1  \u  ab4tnee  of  oxygen. 

it,  i>i4woi«tton  curve  of  cMbon  dioxide  in  blood  in  wtMnct  of  oxygen. 

C,  DiwMlMioB  ouniB  of  OIS  pw  oenk.  todium  btoMMoaM  (v«oneatittioii  in  Uood).  (Bdv,) 

AbiclM  twutoB  of  carbon  dioxide  la  nil.  ol  awiwiiy. 

Ordinatee  volume  abeorbed  by  100  aa  of  the  MiutloiL 

Thick  vertical  Une— teniioo  of  carbon  dfooddo  In  idveolar  air. 

Dotted  verticml  lln»-Hi{)pn>xiiiiate  teimion  of  carbon  dioxide  in  tb«  tiamMi 

Between  tlieee  lines  no  carbon  dioxide  in  iriven  off  bj  MoarboaatO  \  wliereM'«mCNnbl00d(4> 

t^vet  off  carbon  dioxide  to  alveolar  air. 
Since,  at  a  siven  tension  o(  r.irhon  <lio\ide,  arterial  blood  holdn  less  carlran  dioxide  than  does 

venous  nlood,  t)i<'  rliirk  ol>lii|iu-  liru-  from  X  to  B  represents  the  volume  of  o^bon  dioxide 

pivtn  off  ill  the  liitikTs. 
Curves  A  an<)  U  from  < 'hristi;uis<.-n.  I  •otivrla-i.  and  na)il:iii<-  (1911). 

ing  to  Van  Slyke,  we  see  liow  ef>.seiitinllv  the  curves  differ.  We  note  that  tht 
dissociation  curve  of  sudium  bicatbuiiaie  consists  essentially  of  two  straight 
lines^  a  vertical  one  at  the  dissociation  tension  of  the  salt^  a  nearly  horiioatal 
one  from  about  10  mm.  tension  of  carbon  dioxide  onwards.  The  intersectiioo 
is  rounded  oH'owing  to  electrolytic  dissociation,  .is  pointed  out  on  page  61?  ulxjve. 
The  thick  vertical  line  is  at  the  value  of  the  carbon  dioxide  tension  in  th*? 
alveoli,  the  defied  one  at  the  approxiuiate  tension  in  the  tissues.  The  dissocia- 
tion in  the  lungs  must  be  between  these  limits,  and  title  bicarbonate  curve  ii 
horisontal  here  and  can  play  no  part  The  blood  curve  (bsmoj^obin),  on  tbe 
other  hand,  shows  that  carbon  dioxide  can  be  given  off  by  it. 

The  curves  given  by  Parsons  (1910,  ]>.  57)  sliow  the  same  fact,  but  T  have  not 
used  his  fii^nres  since  tncy  are  based  nu  the  ussuniption  that  all  the  carbon  dioxide 
in  tiic  bluod  is  present  as  sodium  bicarbonate,  which  is  the  question  at  issue. 
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It  appears  that  wo  must  regard  haemoglobin  as  being  capable  of  taking  up 
A  variety  of  gases  of  different  ebemicftl  nature,  and  Uiat  the  relative  amounts 
^&ken  up  from  a  mixture  are  subject  to  definite  laws  (aee  page  622  above). 

The  function  of  sodium  bicarhonaie  is  that  discussed  on  pages  199-201,  namely, 
to  stHl>iIis(^  the  hydrogen  ion  concentration  ot  the  blood,  not  to  act  as  a  carrier  of 
carbon  dioxide  for  respiratory  purposes. 

So  far  as  we  know  at  present,  it  appears  that  pnOnm  other  than  bienioglobin  may 
tniDsport  a  email  amount  of  carbon  dioxide,  hut  that  it  is  of  eubordinate  importance. 

The  coDtroveny  respeoting  the  carriage  of  carlmn  dioxide  by  the  blood  ^ivea  an  opportniiity 
of  calling  attvntinn  tn  a  point  of  general  intei-est  in  the  explanation  of  phystolagicnl  phenomena. 
Xt>  may  be  looked  at  from  several  aspects.  While  there  is  no  doubt  that  many  experimental 
TMUlts  oan  be  eatisfactorily  reproduced  by  a  sufhcient  number  of  tnass  action  equations  with 
appropriate  constants,  it  does  not  follow,  without  actual  i-videncc,  that  siuh  is  the  mechunism 
01  the  process.  In  the  doctrine  of  energetics  wu  have  to  coni>idcr  the  factor  of  potential  m  well 
wm  that  of  quantity.  There  are,  on  the  chemical  side,  reactions  which  occur  suddenly  when  a  . 
p^articular  pott-ntial  is  reached,  finch  as  the  calcium  carlx)nate  system,  or  sodium  hicurbonate, 
which  do  uot  give  off  carbon  dioxide  iintil  the  tension  of  this  ^as  is  reduced  to  a  cei  tuin  value, 
sind  at  this  point  there  is  a  mort!  or  less  complete  and  rapid  dissociation,  obscured  to  some 
extent  in  solutions  by  electrolytic  dissociation.  Again,  there  is  thf  di$<Kociation  of  strong 
electrolytes,  which  does  not  obey  the  ordinary  law  of  mass  action,  and  wo  may  also  call  to  mind 
%h»  variotis  way.";  it)  which  "activity"  oocflicientB  have  to  be  introduced  into  equations  of  osmotic 
pressure,  solubilit}',  and  so  on.  Finally,  there  is  decomposition  by  eleetroljrnst  which  does  not 
occur  until  a  definite  electromotive  force  is  applied.  Other  oaaes  will  come  to  the  reader's 
memory.  We  may  say  that  there  are  numerous  systems  in  which  there  is  not  a  gradual  traufli* 
^ion  from  one  state  to  another,  but  two  different  systems  above  and  below  a  particular  point. 

SUMMARY 

The  object  of  the  respiratory  mechaniiiui  is  to  provide  for  a  supply  of  oxygen  to 
the  tiasuei  of  the  latger  uiimab,  where  direct  aeceBs  u  impowible^  and  for  the 
eeeape  ol  the  carbon  dioxide  formed  in  combustion. 

The  oxygen  has  to  Ije  taken  up  from  the  air  and  conveyed  to  the  tissues  in 

solution  in  a  liquid,  the  blood.    In  the  tracheate  insects,  the  gas  ia  supplied 
directly  to  the  tissues  by  means  of  fine  tubes  ront^iining  air. 

The  necessity  of  continued  supply  of  fresli  nir  was  proved  by  ilobert  llooke  in 
1667,  £Uid  the  essential  constituent,  oxygen,  was  discovered  by  John  Mayow  in 
1674.  Black,  in  1755,  showed  that  the  prodnet  of  combustion  in  animals 
is  different  from  ccmmon  air  and  called  it  "fixed  air";  its  nature  as  an  oxide  of 
carbon  was  discovered  by  Lavoisier  in  1775. 

There  1.=?  no  evidence  that  oxyr;:en  ist  stored  in  the  cells  in  an  "  intra-molccular  "  ✓ 
or  other  form  available  for  oxidation,  with  the  exception  of  the  very  minute  amount 
present  as  peroxide.    Such  conceptions  as  that  of  "  biogen  molecules  "  are  not  in 
agreement  with  experimental  facts. 

The  phenomena  of  narcosis  are  not  due  to  inhibition  of  oxidation,  but  to  changes 
in  the  properties  of  the  cell  membrane. 

Consideration  of  **life  without  oxygen"  leads  to  the  view  that  the  actual  source 
of  the  free  ener^  required  by  a  living  organism  is  a  secondary  matter.  If  it 
cannot  be  obtained  by  oxidation,  other  chemical  reactions^  although  of  a  less 
efficient  kind,  are  made  use  of. 

Data  of  the  actual  consumption  of  oxygen  by  various  tissues  are  given  in  the 
text.  The  heart  is  found  to  use  oxygen  in  direct  proportion  to  the  tension  energy 
developed.  There  is  no  more  consumption  of  oxygen  by  the  lungs  themselves  than 
by  other  organs  in  rest;  that  is,  tliere  is  no  evidence  of  o.\i<iution  of  metabolic 
products  from  other  organs  and  contained  in  the  blood.  Tlie  actual  amount  of 
oxvgeu  consumed  in  the  lung  Ussuo  is  only  about  half  that  consumed  by  the 
saUvary  gland  at  rest.  The  blood  itseU  in  mammals  only  consumes  minimal 
amounts  of  oxygen,  except  when  large  numbers  of  young  cells  are4>resent,  as  after 
aniemia.    Nucleated  red  blood  corpuscles  consume  considerable  amounts  of  oxygen. 

Since  the  supply  of  oxygen  required  is  much  greater  than  could  be  carried  in 
ordiiiarv  solution,  there  if?  a  special  substance,  hjvmoglobin,  in  the  red  corpuscles, 
which  iias  the  remarkable  property  of  taking  up  t>xygen  in  amount  proportional  to 
the  pressure  of  the  gas.  Thus  it  takes  up  oxygen  in  the  lungs  and  passes  it  pn  to 
the  tissues  where  the  oxygen  tension  is  low. 
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Hsmogloliui  ooDtaiiiB  mm,  and  it  is  fadd  by^  waaoj  tbat  the  oxygen  taken  up  is, 
in  ^ome  way,  in '  oombinatioD  with  the  iron,  since  it  appears  to  be  in  molecular 

proportion  to  it. 

There  is  no  chemical  system  known  which  has  properties  like  those  o£  the 
oxygen-hfemoglobin  syst^n.  Henee  it  seems  probable  tiwt  suCaoe  phenomena  act 
as  controlling  factors  in  the  amount  of  the   oompoond  "  present  at  a  giTen  oxygen 

tension.    But  no  satisfactory  explanation  has  been  as  yet  suggested. 

The  amount  of  oxygen  wliich  h;emoglobin  can  take  up  at  a  given  tension  is 
lowt  I  t'll  by  rise  of  temperature  and  by  the  presence  of  neutral  salt*  or  acid.  The 
importance  of  these  facts  with  regard  to  its  function  is  pointed  out  in  the  text. 

A  brief  account  of  the  phase  rule  is  given  in  the  text,  iu  connection  with  the 
possibOity  of  its  application  to  the  case  of  haemoglobin. 

It  is  found  that  an  exponential  formula  expresses  the  relation  of  h«moglobin  to 
oxygen  in  presence  of  salt^  or  acid.  The  difficulty  of  interpreting  this  formiila  in 
terms  of  mass  action  is  pointed  out.  The  intervention  of  phenomena  of  aggregatiott 
are  suggested  by  the  fact  that  lia^moglobin  behaves  as  if  in  colloidal  solution 

Organs,  lungs,  or  gills  are  provided  by  which  a  large  surface  of  blood  is  exposed 
to  the  medium  vhich  contains  oxygen,  that  is,  to  the  air  or  water.  Mechmnioal 
means  of  periodic  change  of  the  medium  ensure  efficient  oxygenation,  together 
witli  the  escape  of  carbon  dioxide. 

The  question  as  to  whether  sutlicient  oxygen  can  be  taken  up  by  mere  diffusion 
is  discussed.  It  is  found  that  the  only  results  which  caimot,  as  yet,  he  explained 
thus  are  those  of  Douglas,  iialdune,  and  their  co-workers  on  the  condition  attained 
after  some  days'  acdimatisation  to  high  altitudes.  Even  in  vigorous  muscular 
work  there  is  no  need  to  assume  special  oxygen  seraretiog  power  on  the  part  of  the 
cells  f  the  alveoli  of  the  lungs. 

Tlie  amount  of  air  pumped  in  and  out  of  tlie  lungs  is  regulated  V)y  the  action 
on  the  respiratory  centre  of  the  hydrogen  ion  content  of  the  arterial  blixxh  This 
concentration  iu  hydrogen  ions  is  determined,  under  ordinary  conditions,  by  the 
carbon  dioxide  tension  in  the  alveoUr  air  of  the  lungs.  Under  special  cimditions, 
as  in  acclimatisation  to  low  barometric  pressures  or  by  feeding  on  substances  which 
increase  the  acidity  of  the  urine  and  blood,  other  acids,  non^vdatile^  formed  in 
tissue  metabolism,  assist  in  the  stimulation  of  tlie  centre 

There  seems  to  be  no  evidence  that  the  excitability  of  the  respiratory  centre 
to  carbon  dioxide  is  sensibly  affected  by  want  of  oxygen,  until  the  oxygen  tension 
has  become  veiy  low. 

In  asphyxia,  at  a  certain  stage,  products  of  dinntegraticm  of  the  cells  of  the 
nerve  centres  themselves  act  as  exciting  agents  oa  these  centres.  But  these 
products  are  not  t  >      n>L'arded  as  normal  stimulants. 

The  function  of  the  reflex  nervous  mechanism,  whose  afferent  fibres  are 
contained  in  the  vagus  nerves,  is  to  regulate  the  rate  uf  respiration.  An  expan?5ion 
of  the  lungs,  resulting  from  stimulation  of  the  centre  by  carbon  dioxide,  ia  cut 
short  by  the  inhibiting  reflex  from  the  vaeus  endings  in  the  lungs,  and  the  centre 
prepared  for  another  stimulation  by  carbon  dioxide.  The  reflexes  are  subject  to 
the  laws  of  double  reciprocal  innervation. 

A  short  account  is  given  of  the  i)lienomena  of  mountain  sickness,  due  to  want 
of  oxygen  only.    "  Acapnia, "  or  want  of  carbon  dioxide,  plays  no  part  in  them. 

The  transport  of  carbon  dioxide  from  the  tissues  to  the  alveolar  air  of  the  lun^ 
is  probably  effected  by  means  of  hemoglobin,  in  a  way  similar  to  that  in  whidi 

it  conveys  oxygen.  Bicarbonates  do  not  give  off  gas  to  a  tension  of  carbon 
(lioxido  such  as  exists  in  the  alveolar  air.  Whether  proteins  other  than  hsemoglobiu 
assist  in  the  process  is  doubtful ;  if  they  do  so,  it  must  be  by  some  adsorption 
process  and  is  not  great. 

UTEKATUKE 

•   Bak.k  1012  .  Winterstdn  (1912,2).  Krogh  (1916). 

UalcUme  and  i'ri«eUey  (1905).  Douglas  (19U).  UMd  (1889). 
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ELECTRICAL  CHANGES  IN  TISSUES 

Wb  have  alreaJy  had  occasion  to  refer  to  the  electrical  changed  occurring  in 
nenreS)  mnscleB,  and  glands  when  excited  to  activity.  With  the  exception  ci  the 
electric  fish,  these  responses  are  chiefly  of  interest  on  account  of  the  light  they^ 
throw  on  tlie  pliy.siological  prfx-ossrs  thcmselvea,  and  they  frequently  serve  as 
valuable  rneans  of  investigating  these  process^.  Perhaps  the  most  striking  of 
these  cases  iii  the  use  now  made  of  the  string  galvanometer  in  researches  on  the 
hearty  both  in  health  and  in  disease. 

At  the  time  when  physiological  phenomfliia  began  to  be  systematically  worked 
at  frnrr-t  t^io  point  of  view  of  accurate  measurements,  the  electrical  phenomena 
naturally  attracted  much  attention,  on  account  of  the  methods  available  for  the 
precise  determiuatiou  of  the  value  of  electrical  currents,  and  much  valuable  work 
was  done  at  that  time. 

METHODS  OP  INVESTIGATION 

Since  so  much  (leppnds  on  the  instruments  used,  it  is  worth  while  to  give  some 
attention  to  the  principles  involved  in  the  construction  and  use  of  these  instruments. 
Many  of  these  principles  will  be  found  to  apply  to  the  methods  used  in  other 
inveatigatioDs,  such  as  the  measurement  of  sbdoen  changes  of  pressure,  as  in  the 
heart  beat. 

The  two  fnetors  of  electrical  energy,  capacity  and  intensity,  lead  to  the  division 
of  the  instruments  used  into  two  main  classes ;  those  for  the  measurement  of 
current,  galvanometers,  and  those  for  the  measurement  of  potential,  electrometers. 
Bnt,  as  w^  shall  see,  the  galvanometen  used  in  work  on  the  electrical  changes  of 
tissues  allow,  as  a  rule,  so  small  a  current  to  pass  that  they  behave  practically  as 
electrometers,  and  the  indications  given  by  the  two  kinds  of  instrument  are  very 
much  the  same.  The  reason  wliy  the  galvaiiomeiers  have  so  high  a  I'csistance  is, 
of  coui-se,  on  account  of  the  very  high  resistance  of  the  external  circuit,  the  tissues, 
and  the  galvanom^r  gives  the  largest  deflection  when  its  resistance  is  equal  to 
that  of  the  outer  circuit. 

Gahmnometers. — All  of  these  depend  on  the  relative  movement  of  a  magnet 
and  a  wire  through  which  a  current  Hows.  In  one  type,  such  as  that  known  u.s 
the  Kelvin  form,  the  magnet  moves  under  the  influence  of  a  current  in  a  wire 
surrounding  it ;  in  the  otiier  type  the  magnet  is  stationary,  and  may  he  either  a 
permanent  magnet,  as  in  the  D^Arsonval  pattern  and  many  forms  of  commercial 
ammeters  and  voltmeters  ;  or  it  may  be  an  electro-magnet,  as  in  the  string  galvano- 
meter of  Einthoven.  Jn  this  second  type,  the  wire  conveying  the  current  moves. 
In  the  D' Arsonval  instruments  the  wire  is  in  the  form  of  a  light  rectangular  coU ; 
in  the  Einthoven  isxm  it  consists  merely  of  a  very  fine  wire  stretched  between 
the  poles  of  a  powerful  electro-magnet.  When  a  current  passes  through  the  wire 
of  the  string  galvanometer,  the  wire  is  deflected  to  one  side  or  the  other,  according 
to  the  direction  of  the  current,  and  the  movement  is  magnifie<l  by  a  mirroseope 
and  photographed  by  projection  on  to  a  slit,  behind  which  is  a  moving  sensitive 
surface. 

IntrtiA  qf  Momng  F{uii$. — ^When  an  electrical  change  lasts  a  very  short  time^ 
it  is  plain  that  it  would  be  able  to  move  a  very  light  system  when  it  was  unable 
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to  make  anv  impression  on  a  heavier  one.  Just  as  a  slitiht  iinpnlsc  would  not 
cause  a  visil)le  movement  of  a  cannon  ball,  but  might  give  cuubiderable  motion 
to  a  pith  ball.  This  is  especially  to  be  taken  account  of  when  the  electrical  change 
is  sabject  to  rapid  alterations.  The  moment  of  inertia  of  the  moving  parts  dioald, 
therefore^  be  as  small  as  possible. 

/>oinpfN9.  —  Sttj^wee  that  a  short-lasting  electrical  current  has  set  one  of 

these  systems  into  movement. 
It  is  clear  that,  unless  there  is 
some  influence  to  bring  it  to 
rest,  the  movement  will  continw 
after  the  ciirront  ceases.  Now 
our  object  is  to  obtain  as  true  as 
possible  a  record  of  the  time 
course  of  an  electrical  efieet 
When  a  wire  forming  part  of  sn 
electrical  circuit  moves  in  & 
maj^iietic  field,  a  current  is 
developed  in  it  in  such  a  direc- 
tion as  to  oppose  further  move- 
ment. This  will  occur  whether 
the  wire  is  conveying  a  current 
already  or  not.  In  tho 
D'Arsonval  and  the  string  gal- 
vanometers, therefore,  as  long 
the  drenit  is  closed,  any  move> 
mmt  of  the  wire  produces  in  it 
a  current  tending  to  stop  it5 
movement.  The  extent  of  the 
opposing  current  depends,  by 
Ohm's  Mw,  on  the  resistance  oiP 
the  circuit,  hence  also  the  damp- 
ing effect.  In  physiological 
work  this  resistance  is  very 
large,  hence  the  damping  is  not 
any  greater  than  required.  Id 
fact»  in  the  D'Arsonval  instm- 
ments,  it  is  usually  necessary  to 
add  a  short  circuit  to  increase 
the  damping;  in  the  beautiful 
galvanometer  of  Moll  (1913), 
made  by  GilUy  of  Delft^  the 
damping  is  regulated  by  altering 
the  strenp^h  of  the  current  pro- 
ducing the  magnetic  field.  In 
the  Kelvin  instrument,  the 
damping  is  usually  efibcM  by 
air  reeistance  to  me  movement 
of  a  vane  on  the  magnet  system. 
When  the  moving  system  is 
heavy,  the  vane  is  souie- 
times  made  to  move  in  a'bsth 
of  oil. 

Period  of  Vibration. — Since  the  moving  .system  must  be  brouglit  Iwick  to 
its  rt'stinu  position  by  some  force,  such  as  the  ma<;netism  of  the  earth  or  the 
torsion  of  a  wire,  there  will  be  oscillations  similar  to  those  of  a  pendulum.  These 
would  prevent  the  real  vahie  of  a  d^eetion  from  being  estimated,  so  that, 
except  for  special  purposes,  the  movement  is  made  as  nearly  as  possible 
"aperiodic"  hy  appropriate  damping.  When  this  is  the  case,  the  deiBection 
is  readied  without  vibration  around  it.   This  is  associated,  however,  with  a 
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fate  of  movement,  so  that,  as  a  rule,  some  compromise  has  to  lie  nude.  In 
any  ca.se,  the  damping  should  not  oxceod  that  necessary  for  aj>crio<lic  movement. 
To  illustrate  the  point,  Fii,'H.  197  an»l  198  may  he  consultctl.  It  will  lx>  seen 
that  the  dedection  is  aperiodic  in  both  cases,  but  with  a  slight  .tension  on  the 
string  the  deffee^on  !■  aa  large  with  a  small  current  aa  thai  with  a  laiy^r  ctirreiit 
if  the  Btrtng  is  tighter.  Bat  the  rate  of  movemeiit,  or  time  taken  to  reach  the 
final  position,  is 


more  rapid  with  the 
tighter   string.  If 
rapid  clmnges  are  to 
be    followed  cor- 
rectly, therefore,  the 
string  must  be  tij^ht 
«*non£»h  to  move  as 
i|uickly  as  the  elec- 
trical effect  to  be 
observed.    Fig.  199 
(from  the  hook  by 
T.     Lewis,  1913) 
shows   the  different 
rate  of  movement  of 
the  atring  under 
different  tension*. 
If  too  slack,  it  fl'»e<? 
not    follow  quick 
changes,  like  the 
firat  ventrieular 
l^iaae  of  the  heart, 
with  sufficient 
rapidity   to  ^^ive 
their  full  value. 

Figure  of  Merit, 
— The  aenaittvity 
may  be  conaidereu 
tn  \m'  flio  defloction 
ppKluctHl  by  a  given 
current.  To  com- 
pare difllnpait  gab 
▼anometers,  the 
period  of  vibration 
and  also  the  resist- 
ance should  be  taken 
into  account,  ao  that 
we  obtain  what  ia 
known  aa  the  **figure 
of  merit  "(E). 
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where  T  is  the  periodic  time  in  seconds, 

H  ia  the  reaistance  of  the  galvanometer  in  ohms, 

D  ia  the  deflection  in  mm.  for  one  microampere  at  one  metre, 

D,  ia  the  deflection  in  mm.  for  one  microvolt  at  one  metre. 

For  the  properties  to  be  taken  into  account  in  choosing  a  galvanometer  for 
a  particular  purp«)se,  tiie  catalogue  of  the  Camluridge  HcienUfio  Instrument 
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Company  may  bo  consulted.    In  general,  if  the  deflection  required  ia  to  be 
large  as  possible,   or  a  very  small  electrical  current  is  to  be  detected, 

the  Paschen  form  of  the  Kelvin 
instrument  is  the  best.  If  tlie 
time  relations  of  a  complex  change 
are  to  bo  ascertained  by  photo- 
graphic record,  the  "  Hiring  "  gal- 
vanonieter  of  Einthoven  is  to  be 
used.  This  latter  form  is  thtft 
with  which  most  work  is  now 
done.  Fig,  200  represents  the 
instrument  as  made  by  the  Cam- 
bridge Instrument  Company.  A 
camera  with  moving  plate  or  paper 
is  used  with  it,  and  an  arc  lamp 
for  illumination.  The  shadow  of 
the  string  is  photographed.  A 
diagram  of  the  mechanism  is  given 
in  Fig.  201. 

In  tlie  Oscillograph  of  Duddell, 
the  movement  of  the  system  follows 
changes  of  current  rapidly  by  the 
fact  that  its  own  vibration  period 
is  enormously  high  compare<l  with 
the  rate  of  change  of  the  current 
to  be  investigated.  This  vibration 
rate  may  amount  to  10,000  per 
second.  The  same  principle  is 
used  for  the  correct  registration 
of  the  pressure  changes  in  the 
heart  and  the  blood  vessels.  The 
oscillograph  is  practically  a  moving 
coil  galvanometer,  with  the  coil 
reducetl  to  a  thin  loop  of  stretched 
phasphor-bronze.  It  is  used  chiefly 
for  the  investigation  of  the  wave 
form  of  alternating  currents. 

Electrometers. — Although  there 
are  several  forms  of  instruments 
use<i  in  physical  work  for  measure- 
ment of  potential,  the  mjnllary 
electrometer  of  Lippmann  is  practi- 
cally the  only  one  used  in  physi- 
ology. It  consists  of  a  slightly 
conicnl  cnpillary  tube,  containing 
mercury,  whose  p<iint  is  immersed 
in  20  per  cent,  sulphuric  acid. 
The  mercury  is  forced  into  the 
capillar}'  tul>e  by  pi-essure  until 
the  meniscus  of  its  contact  with 
the  acid  is  at  a  convenient  place. 
One  electnxle  is  connected  with 
the  mercury  in  the  the  other 

with  a  mass  of  mercury  also  in  c«m 
tact  with  the  acid.    Fig,  202  shows 
one  pjittern   of    the  instrument. 
When  connectetl  to  two  points  at  different  potentials,  .so  that  that  which  is  positive 
ia  ill  conn»H  t.ion  with  the  morcury  in  the  capillary,  the  surface  tension  at  the  contact 
with  the  sulphuric  acid  is  diminished,  and  the  mercury  is  forced  by  the  pressure 


1  i  4  i  i  i  i  1  i  W  1  i  M  i  i  I  1  M  l  t  i  i  i  4  4  t, 

Fio.  199.  Electro-cardiograms  of  the  human  heart, 
tAken  with  ditTerent  tcnsioiiH  of  the  fibre  of 
the  Hiring  galvanoniettT.  The  teiiHionH  di- 
minish in  tilt!  wries  from  abt>vo  downwurtlH. 
1^1  uff  fnnn  right  arm  and  left  leg.  The  curve 
to  thr  right  of  each  figure  Hhows  the  time 
taken  t«»  attnin  full  deflection  when  one  milli- 
volt in  applied.  ThiH  time  inorea-ses  an  the 
tension  of  the  Htrini(  dimininheH,  although  the 
movement  is  a)>erio<lic:  in  all  the  rane-s  given. 
It  will  Im)  noticeil  that  the  rapid  ehangeN  in 
R  and  S  are  not  eornH  tly  f«»llowe<l  with  low 
U'linion,  Itut  that  the  slower  rato  of  change  in 
T  ifl  et{ually  Mell  given  in  all. 

(I^wis,  1913,  1,  p,  10.) 
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on  it,  which  kept  it  in  its  place  in  the  tube,  further  towards  the  point.  If 
n^ative,  the  surface  tension  is  increased  and  meniscus  retreats,  since  its  surface 
tension,  which  was  previously  balanced  by  a  given  external  pressure,  will  now 
only  be  balanced  by  this  same  pressure  at  a  wider  part  of  the  tube.  Until  the 
mercury  has  come  to  rest,  a  certain  charge  of  electricity  flows  into  the  instrument, 
which  behaves  as  a  condenser.  After  this  no  current  flows.  The  movement  may 
be  very  rapid  and  is  completely  aperiodic.  The  contact  surfaces  of  the  acid  and 
mercury  are  polarised,  but  the  theory  is  somewhat  complex,  and  may  be  found  in 
Freundlich's  book  (1909,  pp.  184-212).  Roughly  speaking,  it  may  l)e  said  that 
when  the  mercury  meni.scus  is  positive  it  becomes  oxidised  and  dirty,  when 


Kio.  200.    fteneral  oppoarance  of  ihv  Rtring  Ralvanonictcr,  jis  niado  1)y  the  r'ainlH  i<li»e  Scioiitific 
InHtruinent  Co.,  in  accordance  with  the  i>attern  de.signe<l  by  Eiiitliovun 

A,  VtAem  of  clectro-niafrnet,  itiiolf  excited  by  current  throu(;h  coiU  BB. 
C,  The  fibre  case,  containing  the  »trfHbe«l  "iitrinjr." 

G,  D.  Microflcopc  &ii<l  condenser,  (laiuin^r  throu^b  holes  in  the  pole  pieces. 
E,  Narrow  air  j^ap  lj«twecci  poles,  containing  the  atrin^. 

J,  Adjiwtment  for  tension  of  utrint;. 

H,  Screw  for  centring'  the  wtrinvr  case,  which  rocks  on  the  two  screws  K. 
H,  Viae  adjustoieut  of  microscope. 

(Cambridge  Sci.  Instr.  Co.,  Catalogue  No.  120,  p.  23.) 

ne^tivc  it  is  reduced  to  bright  metjil.  Hence  the  surface  tension  is  low  in  the 
former  case,  high  in  the  latt«r.  Tlie  movements  are  photographed  by  projection 
on  a  slit,  behind  which  a  photogniphic  plate  is  moved.  The  curves  obtained 
require  correction,  but  the  law  governing  the  position  of  the  meniscus  at  any 
time  after  connection  with  a  sourtie  of  eleirtromotive  force  is  a  definite  one  and 
readily  deU>rmined  for  oai-h  inHtrumont  (see  the  papers  by  Burch,  1890,  1892, 
and  by  Keith  Lucas,  1909,  2).  The  curve  is  a  logarithmic  or  exponential  one, 
with  the  equation  : — 

l«g, ''^=  -rt, 
a 

or,  y^ae"^ 
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whero  y  is  the  ordinate  of  luiy  point  P  measured  downwards  from  tho  asjmptote, 
that  ia,  the  level  at  which  the  moniJicus  finally  comes  to  f  is  tho  ht»riz<»nt.i" 
distance  of  P  from  a  poiiit  on  the  asymptote  taken  as  origin  of  co^urdinaU^  (thai 
is,  time  from  commencement  of  charge),  a  and  c  are  constuits,  e  is  the  base  cf 
natoral  lagarithms  (tee  Fig.  908).  It  will  be  seen,  on  reference  to  the  enire, 
that  the  potential  diflference  between  the  terminals  can  be  determined  by  takins 
any  point  on  the  curve,  without  the  necessity  of  iU  liuving  arrived  at. the  limit  of 
its  movement ;  in  fart,  it  may  be  brought  back  at  nny  \yomt  in  its  CMJurse  by  th? 
application  of  an  opposite  |>otential  difference,  without  interfering  with  the 
measurement  of  tliat  which  produced  the  original  movement.  The  potential 
diflferenoe  causing  any  deflection  may  be  oonsid^ed  as  made  up  of  two  ]MutB,  oar 
repvesented  by  the  orainate  of  the  curve  at  any  time^  anfl  the  other  reprcsciite<l  by 

the  vciticiil  distmcf  th^ 
nn'niscus  lm«  still  to  move. 
The  latter  is  a  function 
the  rate  of  movement  st 
the  time  taken,  that  is,  «i 
the  steepness  of  tlic  curve. 
It  is,  therefore,  measum^ 
by  tlio  angle  made  by  the 
geometrical  tangent  of  the 
cunre  with  tM  axis  cf 
abwassw.  The  simpfeat 
way  of  analysing  a  com- 
plex curve,  obtained  ex- 
perimentally,  is  that  of 
Keith  Lucas  (1909,  2.  p 
218).  Each  tube  has,  of 
course,  to  be  calibrated, 
tho  rate  of  movement 
depending  partly  on  tiie 
electrical  resistance,  partk 
<m  mechanical  resiBtaaee 
to  movement,  probably 
friction.  Tlip  movemeot 
is   quite  ap<'ri(Kiic.  The 


Vto.  201. 
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Dm  fine  wire  ("»trinp"X  CC,  U  i«treU')M><l  in  the  nanrow  pap  Jiotweeii  the 
N  and  S  o\  a  iwwerful  elect  ro-minrnet.  When  a  current  )«Meii 
thrniiph  the  "Btrlnn  in  the  direction  of  the  \erttcal  arrowH,  the  wire 
ia  detle<-ted  in  the  direction  of  the  arrow  a,  that  is,  at  ri^fht  angles  to 
the  magnetic  field  NS.  Thia  aaiall  nioveuient  is  observed,  or  {irojevted 
on  to  »  photogimiilik)  plate,  by  ommum  o(  •  micraioope.  MUt  Mm  l^fht  of 
M  are  hmp  Wieg  OMtdcoMd  oy  Uw  lem  #*ob  to  w  itriiif. 


method  of  drawing  tubt>5 
will  be  found  in  the  paper 

quoted. 

This  electrometer, 
althoup;h  sensitive  enough 
for  most  work,  is  less  so 
tlian  the  string  galvaao- 
meter,  but^  for  exact 

analysis,  the  photographed  records  of  the  former  present  certain  advantage  is 
that  tho  analysis  is  simpler,  following  a  better  kn  >m  ti  law  than  those  of  the  strii^ 

galvanometer  (see  the  paper  by  Keith  Lucas,  1909,  2,  p.  210). 

Other  forms  of  electrometer  have  1  <  < n  littU*  used  in  i>)!\ Hiolcv^'ical  work,  although  it  ««n» 
piwsible  that  tho  WnX'/  ehctromtttr,  iii  »iuL-li  the  tstriiig  iuuvuh  between  pUtcswith  upuuat« 
ohargoa,  will  b«  found  useful  (for  a  description  of  tho  instrumeni*  seo  the  OuiWW^ 
Inatruiuent  Oo.'s  Catalogue  of  Electrometeni). 

Th*  CireuU. — ^The  arrangement  of  the  connections  is  practically  identical  « itb 
that  used  in  the  measurement  of  the  electromotive  force  of  a  concentration  battoij 

(page  V6'l).    The  diagram  of  Fig.  I'Oi  may  lie  found  useful. 

Tlie  necessity  for  the  use  of  nou-pulari.sablo  electrodes,  even  for  such  brief  currrat« 
as  those  from  the  heart,  is  shown  by  the  photographs  given  by  Thos.  Lewis  (1915, 3V 

J?*«>toiii«i.— The  repeating  rheotome,  by  which  oorrMponding  hit«  are  out  out,  ur  it 
from  i\  srricM  of  i-lrrf  1 1.  .vl  ii>m>on«>R  *\v  fiK-aii.s  f^f  pont.tfts  arraiice<l  to  Ih^  mA«le  ami  hrwkeii  bv 
a  rutatiuu  wheel,  ia  ratvly  ymA  at  tho  preHent  time.    The  intruJuotiuii  of  more  atvurate  anJ 
■eniitive  inatniiiiente  and  neons  of  snalyais  of  photngmidiie  ottrvet  has  pnwtically 
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it.  The  ott  of  »  device  for  opening  a  Heriee  of  keys  at  known  short  intervnli  of  time  after  one 
Another  bv  a  {H>mluluni  ir;  fit<|iuritlv  in«1i-4|K^'its4iMu,  and  Uio  most  oOllvoDMot  way  of  (loiqg  this 
IB  by  the  lobtt  uuient  doscribeU  by  Kcitii  Luuati  (lUOS,  2). 
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A 


>  — .   I 

10  cm 

FlO.  202.    C.vpiLi^\EY  KLBOnOMETKii.— Kflith  Lums'  patt<!rn.     End  clovntioii.  The 
projecting  mioraeoope  is  aappoeed  to  be  perpendicnlar  to  the  pbine  of  the  paper. 

A,  Heavy  Itaw. 

R,  OMt^ing  on  leveUiug  watemn  H. 
8t  SoNW  for  lalenJ  wljtutiuent. 

rand  IT,  rpH^'lit  nwln,  '4t]}>portinK ebonite  |il»tc  V, 
X,  Screw  tor  vertical  ocijustmeiit. 

Screw  for  moving  capillary  at  ri^iit  aiit;l(Xi  to  |>l.iiii,-  of  paper. 
/,  Block  of  ebonite,  attachc<l  to  R  by  boltn  //  an<l  ///. 

/  y.  Notch  cut  out  to  uontAiu  aind.  clomnl  at  the  nidva  by  covcr-gluiiHct*  Z,  ocmt-ntctl  t>y  hot 

».'iiita-|>»-ri'lia. 

V  and  Vl,  Two  holes,  nieetint;  at  the  Irattoui,  coutaii#tiK  nierctirj,  into  which  dipe  the 
|i|»tiniim  wiro  Vil, 

(Keith  Luoa»,  1900,  2,  p.  212.) 

ORIGIN  OF  POXKNTXAL  DIFFERENCES  IN  TISSUES 

That  the  olectrical  phenomena  observed  in  the  activity  ol  cells  are  due  to 

chanp^cs  of  p(»t<»ntial,  and  not  merely  to  rbangcs  of  rcaistan'  r,  in  evident,  nut  unly 
from  the  fact  that  tboy  arc  shown  by  instrunR-tits,  olectruinoters,  which  do  not 
respoad  to  cbaugesi  of  current  only,  but  alno  in  the  ordinary  way  of  deniuuHtratiog 
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these  electrical  resporuies  by  mean.s  of  a  sensitive  galvanometer.    In  doing  this,  1 
any  current  already  existing  in  the  circuit  is  balanced  by  an  opposing  potentiil  | 
difference  from  the  slide  wire,  in  order  to  bring  the  deflection  to  zero  befow 
stimulating  the  tissue.    No  mere  change  of  resistance  can,  in  such  circumstances, 
cause  a  deflection  ;  there  is  no  potential  difference  to  create  a  current. 

Let  us  next  examine  the  possible  smircts  of  potential  difference  in  living 
tissue. 

We  may  take  it  that  these  potential  differences  mast  be  due  to  electric 
charges  on  ions.  It  does  not  seem  probable  that  phenomena  of  frictional  electricity 
play  any  part.    In  any  case,  these  phenomena  themselves  can  generally  be  traced 


FlO.  203.     NOKMAL  CURVE  OF  CAPIIXABT  KLKCTROM ETER. 

ProduccH  liy  »[it>l3rinc  a  potential  difference  of  0*01  volt  between  iU  temiinAls  at  the  point  P  of 
the  trai*in((.    ('on«iilt:ral>le  resistance  was  introduced  into  tiie  circuit,  to  that  the  rate  of 
movement  is  slowed. 

Ordinatca  -  position  of  nienis<nu.    The  divisions  aloni;  the  axis  Oy  are  in  0*001  volt. 

AlMciMHD — time.    Ot  is  the  axis  and  also        asymptote  of  tlie  curve.    The  |tortion  of  the  curve 

almve  the  line  throu^fh  b  is  the  entire  normal  curve  for  0*005  volt,  and  the  {Kirtioo  above  P.  is 

that  for  0-00166  volt. 
Py  ami      Af,-Onlinal«s  at  P  and  P, 
PT  and  P.  T,— TanjfcntJi  to  thr  curve  at  P  and 
>r  and  S.  r,— Kubtan^frnU.   These  arc  e4|ual  to  one  onotbcr. 
The  e<|uation  to  the  curve  ia  • 

o 

where  y  is  the  vertical  distance  of  any  point  from  the  asj-mfitote  of  the  curve,  and  t  is  the 
horizontal  distauce  from  the  ori^  of  abscisMt.  a  and  c  are  oonstants  of  a  ixirticuiar  capiUary 
tube. 

(Burch,  1890,  p.  91.) 


to  the  production  of  some  kind  of  ions.  The  question  was  discussed  to  some 
extent  in  connection  with  the  charge  on  colloidal  particles  (page  89). 

The  part  playotl  by  electric  charges  on  surfaces  is  treated  of  in  the  paper  bv 
Mines  (1912,  1). 

That  the  source  is  ionic  is  indicate<i  by  the  temperature  coefficietU  of  the 
electromotive  force  of  tissues.  This  was  determined  by  Lesser  (1907),  for  the  skin 
of  the  frog,  and  found  to  %g  proportional  to  the  absolute  temperature.  If  the 
source  were  some  kind  of  chemical  reaction,  a  much  higher  temperature  coeflBcient 
would  be  found. 

If  the  ions  arising  from  electrolytic  dissociation  of  a  substance  are  free  to  move 
and  intermix,  it  is  clear  that  no  potential  difference  could  be  detected.  Moreover, 
the  increase  of  their  numbers,  whether  by  increased  dissociation  or  by  productioD 
of  new  ones  by  the  splitting  up  of  larger  molecules,  or  by  the  setting  free  from* 
state  of  adsorption,  in  itself  cannot  give  rise  to  any  change  in  potential  differeooe. 
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t>xw[it  a  very  temporary  one.  Uuet|ual  jiite  of  diflusion  from  their  pl^ce  of 
origin  is  bhe  cause  cif  this  temporary  electrical  state. 

Sttppoee  tiiat  the  ioiUy  newly  produced,  are  free  to  dUfuae,   As  we  have  eeeu 


Fio.  204.   Dlaobam  of  circuit  uskd  im  uoseKVATiofis  and  measitremkkts  or  chanobb 

DT  DnmcRuicB  or  elbctrical  PoraitnAL. 


Jl,  Batf-di>»-hTvr;rt«t  nr^nimnlntnr  vvW.  smilifi^'  rnriMtAofe  oumat  thRMigli  the  itKlohcd  wirt  i*,  from  whteh  variooa 

fraetiorui  can  b«  Itidi  u(T  by  Iht;  sliding  cuiito^'U 
/T,  Kejr  lor  tbb  cinmiL 

A,  B«veraer,  or  oommatalor,  Iqr  whloi*  the  dincUon  of  Um  dei;(roinotlve  tone  led  off  em  be  changed  without 

chanfpni;  the  eotinecttone  of  the  hetterjr. 

f^tandanl  <fll,  whii-)i  fati  \>v  put  into  tlif'  I'in  iiit  hy  the  key  W . 

M,  S|>ring  key  tor  momeaUo'  cloeurc,  in  order  not  to  take  off  any  a)>iweciable  current  from  tb«  »taoclarU  cell, 

0,  iRie  inetrasMnt  need  lor  deteotinir  the  «lectrk»]  diatnrtNHNe,  elcctraneter  or  ftmlviuiometer.  It  can  be  ebort* 

circuited  by  tuminif  the  switeh  D  intri  tVi  jiositinn  (ij>n<i.<it<^  (o  that  5*howii.  ^V^l^■tl  fJic  i-apillary  (-liTtro- 
OMiter  is  uwd,  a  key  should  lie  iiitruUuccU  which  kec|)a  thi' iiutrument  always  short-circuiUxl  excc)>t  when 
in  ate. 

K.  VAn^ilnrinahlo  i'lc<  trfKlcs,  leadinp  off  from  pointti  nn  the  mnsrJr  T. 

a  aud  T  togvther  re}>r««ent  any  source  of  potc-ntial  diacrciicv,  suub  as  those  in  tissues  or  in  a  hydroKCD  electrode. 

(page  158),  the  more  rapiiUv  moving  ions  will  proceed  in  advance  of  the  slower  ones, 
giving  rise  to  a  potential  diflfenmce  in  proportion  to  the  difference  of  their 
vdocities.  In  the  small  spaces  witliin  ccIIb  throui^h  which  this  diffusion  takes 
place,  any  difterence  of  concontr;itiun  will  equalise  itself  very  rapidly,  and,  except 
in  the  citse  of  tlio  livdroijen  and  liv(lrf)xvl  ions,  can  never  irive  ri«e  to  any 
considerable  electconiutive  force.    The  factor  expre^^iiig  liiiu  uccurti  iu  the  formula 
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ior  tlie  clcctroiuutivc  furct;  u£  cuiict;ulraliou  baltcriei  (sue  Nciiistls  book,  1911, 
p.  752).   It  is 

u  +  t» 

which  gives  the  electromotive  force  at  the  contact  ol  two  aolutioiis  of  oonoentra- 
tiotis  <rf  an<]  r,,  u  and  v  being  the  velocities  of  the  cation  and  anion  respectively. 
When  u  ami  v  are  very  nearly  equal,  as  in  pot.is.siuin  rMoriilf,  tlie  jwit^^ntiU 
djfferf^ficf?  <hic  to  tliis  factor  is  very  snKil).  If  u  is  liy«ir<'gt>i),  with  a  inolrcular 
conductivity  of  318,  and  r  is  airboxyl,  as  in  forimc  acid,  with  a  moiccuiikr 

conductivity  of  33*7»  the  fraction        beopmes — . 

318-^33-7    284-3  jj.g. 
•     318  + 33-7  "  351-7  * 

R  is  0'861  X  10*^  and  if  we  take  ordiiuiry  lo-jjarithms  and  a  ratio  of  coucGntmtinn 
of  1  to  10,  the  expression  becomes  about  U  00  volt,  and  even  thib  could  only  la^l  an 
inlinitesiniaUy  short  time  owing  to  rapid  diffoaton. 

We  soio  thaty  to  account  for  the  values  actually  obtained  experimentally  in 
aniuial  tissues,  ;innther  source  of  potential  diflerence  must  be  found.  Tlie 
potentials  of  metallic  electrodes  naturally  snizgest  tlicmselve.s,  so  tliat  one  soni*'- 
timcs  fuids  it  stated  that  the  ulectromotivu  activity  of  tissues  is  that  of  a 
concentration  battery.  But  it  is  plain  that  there  is  nothing  in  living  cells  that 
could  be  Uikon  as  a  metjdlic  dectroda  On  the  otlu-r  hand,  we  have  already  seen 
(page  ICl)  how  wc  can  obtain  a  permanent  potential  difference  of  fairly  considerable 
amount  when  a  membrane  is  ruf^eiit  ]>ernieablc  to  one  only  of  the  two  ions  of  a 
binary  electrolyte.  Tboro  i^  formed  a  Helmholtz  double  layer,  and  the  electro- 
motive ibroe  is  expressed  by  a  formula  similar  to  that  of  the  concentmtioa  batteiy. 
This  point  of  view  was  taken  by  Bernstein  (1902),  on  the  basis  of  Ostwald's 
(1890)  coiiHiderations  reganliug  semipermeable  membranes,  and  is  developed 
further  by  Bernstein  in  a  paper  of  1913. 

It  m'jvy  nimble  this  iinportatit  ronccplion  to  he  ^rasptnl  more  easily  if  a  siin]!!  '  illustration 
bu  given.  Inmginu  two  Uirgu  paHturus  »eparattHl  by  u  touoe  aud  that  thu  .s|>.ic«.^.  Iielwetui  tlie 
birs  of  tho  fence  an  wide  enough  to  allow  Iambs  to  pam  thrcmgh,  but  too  narrow  fore%Ks. 
Iniruduco  into  ono  of  them'  p.istTirrs  a  flrx  k  of  Hhcep,  oach  t»wt»  with  oiu>  Iamb.  In  the  course 
of  Uiuir  wandcrin^H  they  will  an  ivc  at  Ihu  fcnco.  Th«  propuusity  uf  the  lamljs  to  wandt-r 
further  will  take  ilioni  through  tlu;  fence,  while  the  oweit  will  wt  left  behind.  But  the  attrac- 
tive forces,  purticulurly  that  (jf  f(»od,  will  prevent  the  lambs  from  departing  fn>fn  thfir 
mothers  for  any  cunHiderahle  dislunoe.  Similarly,  the  ))ix>8enco  of  the  lambs  in  the  iui joining 
field  will  prevent  the  ewoa  from  wandering  far  fnnn  the  fenoe.  B^^arding  wo«>lMeleotm 
charge,  we  see  that  the  potential  will  be  higaor  on  the  side  of  the  fence  occupied  by  the  ewes. 
It  may  lie  said  that  the  thickness  of  the  layer  would  bo  considerable,  hut  if  wo  imagine 
moloeuloH  magnified  to  the  aise  of  eheep,  the  artaagemenlr  would  not  gnatiy  difler  Inai  the 
molecular  one. 

Since  the  ((Uestion  is  somewhat  fundamental,  it  is  well  to  consider  the 
tniitlieinatieul  proof  that  a  nieinbrane  »»£  llio  kind  postulated  gives  ri»;'  to  a 
poUnitial  diflerence  expressed  by  a  formttla  similar  to  that  of  Nemst's  oonoentratiou 
battery  with  metallic  electi^odes. 

There  are  two  distinct  ways  in  which  the  calculation  can  be  mada  We  may 
take  the  work  done  in  moving  electricity  from  <>ne  solution  to  the  other  against 
electrostatic  forces,  as  in  the  method  uscil  by  Nernst,  based  on  Helmholtz's  theory 
of  contact  |K)tontial,  and  siniihir  to  that  U5H»d  on  page  '^3  in  calculating  the  work 
done  in  com})resi»ing  a  gas.  But  for  the  present  puipose,  in  which  we  are 
regarding  the  phenomenon  from  the  point  of  view  of  tiie  potential  difference  io 
equilibrium,  the  following  method  is  more  appropriate,  besides  giving  an 
opportunity  for  a  new  aspect  of  the  case.  The  details  of  the  treatment  I  owe  to 
Mr  W.  11  Hardy. 

For  simplicity,  we  will  consider  the  membrane  lis  being  infinitely  thin,  which 
is  very  nearly  true  for  the  cell  membrane.  Lot  it  be  situated,  to  begin  with, 
between  water  and  a  solution  containing  a  salt  which  is  electroly tically  diBSodalod 
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int^-)  the  ions  ]>-  aiul  S',  and  lie  freely  pormeaMo  to  B',  but  impermeable  to  S*,  in  a 
purely  ni«  elvniicrtl  way,  as  a  filter  or  sieve,  for  exuinpir'. 

The  iiHis  ii-  tend  to  pass  from  solution  inside  to  water  outside  owing  to  vheir 
CMinotic  pressure  and  to  tnis  alone.  Since  ions  S'  cannot  pass  through,  in  order  that 
ions  B*  shoU  diffiiae  into  the  outer  solvent,  they  must  separate  from  their 
companions.  This  they  cannot  do  for  more  than  a  minute  dktance,  owing  to  tho 
enormous  electi  oNtjitic  force  betwoen  t  fie  oppositely  chargeil  ions.  The  amount  of 
tfaia  force  was  calculated  by  Arrheums,  as  we  saw  on  pnije  179  above. 

These  ions  li*  are,  therefore,  acted  on  by  two  forces  in  omwsite  directions,  and 
ihaywiU  take  up  a  position  in  which  the  two  forces  are  equu  and  opposite. 

The  Miraoftc  prtttwrv  exerted  on  a  membrane  of  area  A  is  A<fP»  where  P  is  the 
pressure  per  unit  area. 

Tho  opposite  (Jfi''f7'0Htalic force  is  obtaituHl  thus: — 

l«et  E  Im  the  ]>otCQtial  difference  between  the  two  members  S'  and  B*  of  the 
Helmholts  douhlo  layer.   Then  ^  is  the  potential  gradient^  or  rate  of  fall  of 

potential  across  the  space  between  the  two  layers. 

Further,  if  9  is  the  quantity  of  electricity  carried  by  cme  gram-equivalent  of 

ion  B%  then  the  force  acting  on  this  gram-equivalent  is  q         That  this  is  so 

ax 

wiU  be  clear  by  toujiideiation  of  the  fact  that  the  £<irco  is  directly  [doportional 
to  the  quantity  of  electricity  producing  it>  and  the  fact  that  the  greater  the 
difforenoe  of  poUintial  between  the  layers  of  B*  and  S',  the  greater  will  be  the 
attractive  force  between  them. 

Jjot  ('  \wi  the  concentration  of  the  diffusible  ion  B*  in  gram-equivalents  per  e.c. 
of  solution , 

'llie  v«ilume  of  the  space  Ixitwecn  U»c  two  layers  is  Aoj;  if  tlie  depth  Sui\ 
and  the  number  of  gram  equivalents  of  the  ion  B*  contained  in  the  space  is  A&». 

Then  the  force  acting  upon  them,  due  U)  the  potential  grailient  ^  \  is  Aojc  ™  q. 
This  force  is  equal  and  opposite  to  their  osmotic  pressure,  therefore — 

ASjce  ^  7  ^  A(fP. 
ax 


or. 


dx   cq  &e' 
\ 

P  is  equal  to  cKT,  since  c 

.  '  dE    RT  dF   ,       1  RT 

tnerefore,         -    ^      .     ,  smce  —  =  . 

'        ax     }rq    fix  eq  cMlq 

.«    l^T  ffi-'- 
and,         «E  =  —  •  (  u  •  • 

The  treatment  will  he  inoie  general  if  we  supixise  that  tlio  eoneentration  of 
the  ion  B*  is  a  positive  quantity  on  Ixith  sides  the  memhrune.  in  liial  case,  we 
must  integrate  between  the  limits,  and  which  are  the  osmotic  pressures 
of  the  ions  B*  on  the  two  sides  of  the  membrane. 

J£'/' 

—    is  a  const^int.  Therefore, 
9 


7  i'l 


or,  if  r.,  is  the  concentration  of  the  stronger  solution  and  C|  that  of  the  weaker 
solution, 

-^'^  log,  'J        .  .         .  <2) 

7  ^1 


21  A 
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c,  and  c.y^  u£  course,  refer  to  concentrations  of  (die  ion  conoemed,  that  'w,  the  one 
to  which  the  membr  iino  is  pormealile. 

Although  there  are  certain  experimental  difficulties  in  the  actual  investi^tion 
of  the  question,  especially  when  inorganic  electrolytes  are  dealt  with,  sotne 
measurementB  which  I  made  with  Congo-red  (1911,  2,  pp.  245-347)  gave  re«tilts 
in  gatiBfaotory  agreement  with  the  formala. 

If  th«  sjRlcm  is  not  in  osmotio  eqailibriam,  so  that  there  ia  a  flow  el  flolvent  throagfa  the 

membrane,  the  electromotive  force  would  not  be  given  by  the  formula. 

There  is  an  intereHting  theoretical  difficulty,  analogouii  to  that  involved  iti  electrolytic 
disiiociation  alreMly  rofcrnxl  to  (page  180),  which  ha*  not  yet  noeived  satiBfactory  explaiiatkia. 
We  know  experimentally  that  a  Helmholtz  double  layer  is  formed,  owing  to  the  fact  that  om 
ion  cauaul  move  far  from  the  oppositely  charged  one.  But  it  ia  not  eos^  Ut  ace  why  thia 
should  tie  HO.  Kupp«>8u  the  electrolyte  completely  dissociated.  On  the  kinetic  theory,  this 
means  that  the  period  during  which  any  oppositely  charged  ions  ooiii«  within  «d«h  oibor'a 
sphere  of  influence  is  negligible,  so  far  m  eleotrio  streasM  aro  oonoemed.  The  work  raqnired 
to  m-jmr!it<^  tlu'  ioiiH  is  IhtTiifiirc  ii((onii)li.shc<l,  ami  f  u  lhiir  separatiMii  should  n<»t  m^uin-  any 
more  eaergj'.  So  that,  if  sucli  a  solution  be  separated  from  pure  solvent  by  a  membrane 
perniMhIe  to  one  kind  of  ion  only,  them  iora  riiould  be  able  to  dtffttM  out  freely,  sinee  thef 
art  a1  1 1  uly  out  of  llir  mnjic  of  iiitlueiice  of  tlit*  op|H>:  it"  inp;.  ( >f  <  nnn  if  tlnv  f^i!  o  then" 
would  be  a  lar^e  increase  in  the  free  ener^  of  the  syslcni,  vvhiuli  would  lutringe  ibi:  seeood 
law  of  energetioB.  '  Bat  if  the  force  uniting  the  ione  is  purely  elctarical,  it  is  <lifficult  to 
understand  •why  thny  fannnt  scp.iriff  from  oncanothpr  nff  i  h<  iiu:  '1i-^r,t  i;it(>jL  Tjiinior  (UM)8) 
auggested  that  the  eiicrg)'  for  ili.st«u(riation  may  be  draun  liom  Ibu  volume  energy  of  the 
sdimitii 

To  return  to  the  question  of  the  electromotive  force  at  a  membrane.  From 
the  mode  of  ite  production,  it  will  be  seen  to  be  an  illustration  of  the  rationale 
of  metallic  electrode  potentials,  il  we  regard  the  metallic  ions  as  being  free 
to  escape  from  the  .surfnco  of  the  metal,  while  the  oppositely  charged  mass  of 
metal  cannot.  Contraiy  to  the  contact  potential  difTon»nee  of  solutions  fre»^ 
to  diffuse,  it  is  permanent.  We  may  speak  of  u  membrane  of  the  kinti  dejicnbed 
as  bcinj^  jtolarised.    This  form  of  expression  ib  sometimes  oonvenieiitw 

In  the  application  of  the  above  theory  to  the  living  oell»  we  see  that,  if 
the  membrane  is  perni'dlJe  to  both  irnui,  no  electromotive  loroe  cau  be  present ; 
althoui^'li  if  on<'  ion  Im-  iarijer  than  the  other,  there  might  be  only  a  small 
number  of  pores  pernauible  to  the  larger  ion,  so  tliat,  for  a  ccmsiderable  lime, 
an  electromotive  force  might  exist.  If,  moreover,  the  membrane  were  impermeahU 
to  both  iona^  there  could  be  no  potential  difference,  since  th««  would  be  no 
possibility  of  the  ions  separating  to  form  a  double  layer. 

In  short,  a  membrane  previously  i!ii]>rrittf,ible  to  hoi\\  ions  ntii^lit  q^ve  rise 
it\  an  electromotive  fon-e  if  it  l>ecume  jx  i  riuable  to  one  only,  liuL  not  if  it 
became  permeable  to  both.  Also  a  membrane,  proviouhly  permeable  to  boUi 
ions,  might  beocmie  a  source  of  potential  differraoe  if  it  becataie  permeable  to 
one  only.  Such  changes  are,  no  doubt,  taking  place  in  the  normal  activitisB 
of  the  cf'l!. 

Tilt'  manner  of  origin  of  these  potential  differences  is  essentially  the  same 
as  the  "electrical  forces  at  phase  boundaries,"  discus-sod  by  Haber  and 
KlemmisiewtcE  (1909);  the  phenomena  described  by  Bentner  (1912  and  1913) 
are,  no  doubt,  duo  to  the  same  facts.  Suppose  tliat  we  have  a  layer  of  a  liquid, 
immi5icible  with  water,  in  confact  witli  a  solution  in  wat<'f  of  an  »*le<-trolvte, 
of  which  one  i«Mi  is  snlnKlt'  in  tln>  non  afjueoiis  jihtuse,  the  other  insoluble. 
It  is  clear  tliat  the  turuu>r  ions  will  tend  to  |MiHN  into  the  non-aqueous  liquid, 
but  oinnot  get  beyond  the  boundary,  owing  to  the  other  ions  being  unable 
to  do  so.  We  have  again  a  Helmholt^  double  layer.  Thus  Beutner  finds 
a  potential  (liffeivnce  at  the  contact  surface  Ixtwfen  a  watery  solution  of 
potassium  thioeyanate  and  a  solution  of  tolnidine  thiocyanate  in  toluidiiie. 
This  is  readily  accounted  for  if  the  potassium  ion  is  insoluble  in  toluidiue,  SCN 
ion  being  soluble. 

If,  in  any  cell  process,  ions  are  newly  formed,  these  will  add  to  the  concentra- 
tion of   those  of  the  same  sign  already  present,  and  increase  the  potentisl 

differeitcp  at  a  mend>rane  of  the  kind  desr  rilwfl,  as  thf  formula  shows. 

We  have  seen  (page  ICl)  that  the  concentrations  expressed  in  the  formula 
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i-efer  to  the  total  concentration  of  all  the  diffusible  ions  of  the  same  sign  present 
since  interchange  tak&s  place  freely  at  the  contact  surface.  Tlius  the  chemical 
nature  of  the  ion  docs  not  appear  to  enter  into  consideration. 


 1  I     I  I  I  1  I  1     I     I  I  I  1  1  1     I     I     I     I  1— 

sec.  ^'  .01 .     "  'Oa 

Pio.  205.    Diphasic  klkctrical  chanue  in  uninjured  sartokius  muscle. 


A,  Photoeraph  of  excunrion  of  capillary  flectronieter.    FSnit  with  a  frinfrle  utiiniilus.   Tlien.  a  second  time, 

with  lui  additional  Btiniulus  at  OMii  nee.  later.  The  cbant^e  due  to  the  latter  in  fainter,  Ui-ause  only 
re«-orded  omt.    Time  in  '3 10  |>er  iie<x>nd. 

B,  Similar  photo^fraph  with  another  luklitionol  stimula^  at  0-010  neo.  after  the  flmt,  and  between  it  and  th« 

In  addition  to  the  form  of  the  diphairic  reaponne.  aa  recorded  by  the  capillary  electrometer,  thene  two 
flffurea  nhow  that  a  Btimiilua,  oocurrint;  in  the  ri-fnu-tory  (R'riod  due  to  a  ^irev  ioiif*  one,  haa  no  effec  t  on  tha 
result  of  a  atimiiliu  ifiven  Jiul  at  the  be^innin^  of  the  letiirn  of  excitability.  That  in,  a  gtiniulus  in  tha 
refractory  period  doea  not  set  up  any  further  refractorv  state. 

(Keith  Lucas,  Jl.  Phyi^iol.,  43,  p.  52.) 

C,  Aiudyaiit  of  a  capillary  electrometer  record  of  a  diphanio  re^toniie  of  the  fpistrocnemius  muaele  to  a  sinifle 

■timulua  applied  to  the  sciatic  n«r\'e.    Muscle  le^l  olT  from  the  middle  and  the  temlinouo  end. 

(Keith  Lucas,  Jl.  Phynol.,  41,  p.  37L) 
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Charges  on  the  surboe  of  memhraiiM  themaelveB,  dealt  with  by  Mines  (1912,  \\ 

and  diseossed  in  relation  to  those  of  colloids  on  jxages  89-91  of  the  present  work 

are  difficult  to  bring  into  relation  with  the  electromotive  phenomena  of  cells.  Of 

ooarse,  if  a  inoinbrntu'  adsorbs  preferentially  one  ion  of  an  electnilytc  with 

which' it  is  in  cnntm:t,  owing  to  tho  greater  decrease  of  sarfaoe  energy  by  this 

ion  than  by  tho  opposite  one,  the  membrane  will  obtoin  the  charge  of  the 

adsorbed  ions.    Whether  this  would  show  itself  in  the  form  of  a  potential 

difibienoe  between  the  two  sides  of  the  membrane  seems  doubtful. 

Baor  (1913),  however, 

has  described  what  he  calls 

a  model  of  the  electric  fish. 

In  •  which  soch  charges  cm 

membranes  appear  to  play  a 
part.  If  a  mixture  of 
"turkey  rod  oil"  with  three 
parts  of  aeetylene  tetra- 
chloride, be  shaken  with 
water  ancl  allowetl  to  stand, 
a  separation  into  an  oily 
ptiase  and  a  watery  phase 
takes  placeu  The  lipoid 
phase  is  said  to  contain  some 
water,  sodium  siilpho  ricin- 
oleate,  sodium  sulphate, 
castor  oil,  and  acetylene 
tetrsrchloride.  This  is  satur- 
ated with  mercarous  sulphate 
and  electrodes  made  by  c<in- 
tact  with  mercury.  Two 
such  electrodes  in  pjta.ssium 
sulphate  solution   have,  of 


Fia.  206.   DiPUASic  klkctrical  chakox  in 
aASTRocmiiiius  MVsai.B  or  trb  ntoo. 

liOd  off  to  Btririjr  palvanometer  from  two  utiiiijiir(><)  )ilaM«  on  the 

«ui  f:M  i'  o(  tin-  iiius<'lf. 
Sculic  ucrve  Htimulatwl  by  a  »m^\v  sIkk  W  at  K  on  the  wj:i»al  liiic  & 
jr,  The  deotro-nyoirnuii. 

One  teala  division  of  abadnaB  b  0(|uivk]ent  to  OmS  MO. 
Oae  Mde  divuloii  of  onlinatM  ia  7  inillivolta. 


(Einthoven,  1913,  p.  (i7.) 


oonrso,  equal  and  opposite  )iotential  diffisreoees 

Hg  I  lipoid  I  KjSO^  I  lipoid  |  Hg, 

so  that  the  combination  has  no  electromotive  force.  If,  however,  to  the  potassium 
sulphate  solution  on  the  one  side  an  electrolyte  with  a  strongly  adsorbed  cation, 

such  as  quinine  stilphate,  is  added,  this  electrode  becomes  positive  to  the  other. 
If  the  sodium  salt  of  fluorescein,  witii  strongly  adsorbed  anion,  is  added,  the 
ol<'ctr(Kle«  iH'comes  nef^ative.  Thus,  with  quinine  sulphate  on  one  sitlc  and 
fluorescein  on  the  other,  an  electromotive  force  ci.  0*36  volt  was  obtained.  The 
system  is  somewhat  complex,  probably  unnecessarily  so^  and  may,  perhaps,  be 
n^ually  explicable  on  the  basis  of  solubility  of  one  ion  only  in  the  lipoid  phase. 
The  rt»Hult  would  Ix'  the  same. 

We  uuiv  now  procetnl  to  refer  briefly  to  sctine  actual  cases  where  electromotive 
phenomena  have  been  found  to  accompany  the  activity  of  cells. 


Examples 

Xerrr. — The  electrical  respr)nse  in  nerve  has  been  discussed  above  (page  379). 
Fig.  101  shows  its  chanvcter  in  the  ojfjictory  nerve  of  the  pike. 

An  important  use  of  the  fact  has  been  matle  in  several  cases  alrea<ly  refer led 
to.  The  measurements  of  tiie  time  rekttlons  of  the  knee-jerk  by  Jolly  (page  475), 
the  impulses  arising  in  the  vagus  nerve  by  dist^msion  and  collapse  of  the  lung  by 
Einthoven  (see  Pig.  106,  page  386),  and  the  impulses  In  the  depressor  fibres  cati^ 
by  inci-ea.se  of  pressure  in  the  aorta,  also  by  Einthoven  (in  ITig.  lOti),  may  be 
mentioned. 

Keith  Lucas  (1912)  examines  the  evidence  that  has  been  brought  forward 
to  show  that  the  process  tA.  excitation  is  not  necessarily  aoccwtipanied  by  an 
eleotrical  change,  and  comes  to  the  conclusion  (p.  507)  that  none  is  free  from 
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objection.  Wo  are,  at  present,  entitled  to  }iol(]  the  view  that  one  is  an  aspect 
of  the  other. 

Mttscle. — This  also  has  been  already 
difcoussed  (page  539).  Fig.  205  is  from 
a  photograph  by  Keith  Lucas  of  the 
diphasic  response  in  the  sartorius 
muscle,  and  Fig.  206  is  one  by 
Einthoven,  with  the  string  galvano- 
meter. We  have  shown  how  it 
is  to  be  explained  on  the  basis  of 
the  theory  of  the  origin  of  potential 
(liffei'ence  given  in  previous  pages  of 
the  present  chapter. 

In  muscle,  just  as  in  nerve,  it 
appears  that  the  electrical  change  is 
connected  with  the  process  of  excita- 
tion ;  the  excitation  process  is  possible 
in  niu.scle  without  the  contraction  pro- 
cess (page  539).  Tlie  latter  is  a  result 
of  the  excitation  pnxiess,  but  n>ay  be 
unable  to  follow  it.  Fig.  172  (page 
539)  (middle  curve)  shows  that,  in  the 
absence  of  calcium,  the  electrical 
change  in  the  heart  muscle  takes 
place  without  any  mechanic4il  change. 
The  significance  of  this  fact  hiis  been 
pointed  out  al)ove  (page  398). 

As  to  the  preci»o  l<x»tion  of  the  mem- 
briint'8  concemutl,  l)oth  in  nerve  and  in 
muscle,  we  niuHt  not  forget  the  poiwibility 
that  such  poltiriscd  surfaces  may  occur,  not 
only  at  the  cell  membrane  on  the  out«iilo 
of  the  cell,  hut  at  phase  boundaricH  within 
it.  Hut  much  more  knowletlgc  is  rm^uirni 
of  the  cell  mechanisms. 

Tlie  way  in  which  the  "demarca- 
tion "  current,  or  current  of  injury,  is 
to  bo  explained  has  been  describetl 
previously.  A  further  word  of  ex 
planati(m  may  Ije  added  here.  If  an 
uninjured  cell,  at  rest,  is  led  off  from 
any  two  pi^ints  on  its  outer  surfwe, 
it  is  clear  that  they  will  e<iui- 
potential,  since  we  are  only  dealing 
with  the  outer  component  of  the 
double  layer.  If  we  could  place  one 
electrode  iimUl«  the  cell,  wo  should 
obtain  the  |jot>cnlial  difference  between 
the  two  coiMpotuMits  of  the  layer,  as 
in  my  exj>eriments  with  Congo  red 
(1911,  2).  This  is,  in  fact,  what  we 
do  when  wo  cut  through  or  injure 
a  cell  in  contact  with  normal  cells, 
leading  off  from  the  outer  surface  of 
•  the  aormal  cells  an<l  from  the  injured 
cells.  This  latter  contact  is,  in  effect, 
the  same  as  the  interior  of  the  cell. 

We  saw  al)ove  (page  393)  how  the  disappearance  of  this  potential  difference 
on  stimulation  ("  negative  variati<m  ")  is  explained  by  the  disappejirnncc  of  the 
state  of  polarisiition  in  the  normal  cells,  owing  to  the  membrane  liecoming 


FUJ.  207.     El.WTRK  AL  CIIANJJKS  ACrOMrANTINO 
THK  PASSADE  or  A  WAVK  (•K  CONTKAfmON 

ALON«t  THK  ITKETER.— To  be  road  from  left 
to  right. 

A,  l*rinl  from  photograph  n'lven  hy  strintr  j^vanometer. 
Two  <;onii>lel4'  wave*. 
DistAnec  between  i>lectr«le«--.'iO  mm. 

V,  Kleotrotlc  at  which  the  wave  nrat  arrives  becomes 

jKwitive. 
//,.  The  chief  m-cative  wave. 
U.,  Nenativity  of  <liNt«iit  eUftTodc. 
N,  Poflitivity  of  distant  elei-trode. 

li.  Shows  ap|iearaTK-e  of  ori);inal  i»hot/>irraph.  One  mm- 
pk'te  wave  only  U  Hceii.  The  alM)ve  tour  coin]v)nent8 
are  olivioiw.   Time  in  He«x>n«1«. 

C,  A  wave  which  disappeareil  l>efore  re.ichinjf  the  second 
elertr<Nle,  lut  that  the  eleftri«-al  chanire  under  the 
first  ele<'lrode«>iily  i»«)iown.  namely,  thccom|wnents 
V  .ind  //..   Time  in  Hflha  of  8econ«U. 

(OrJ^eli  and  Brucke.) 

Note  that  the  fljruren  are  rei»ro<ln<'<'<l  aM  uent  me  hy  Dr 
t)rl>eli.  Thowe  in  the  puhlishi.'*!  |ia|HT  arc  inc<)rrecUy 
(fivcn. 
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permeable  to  l)oth  ions  of  saltH  witliin  the  cell.  It  will  be  clear  that  the 
demarcation  current  caiK  only  last  as  long  as  the  contents  of  the  injured 
cell  remain  in  place,  and  more  or  less  identical  in  amount  with  what  they 
were  normally.  As  socjn  as  the  electrolytes  have  been  replaced  by  those  of  the 
electrodes,  owing  to  diffusion,  the  injured  cells  naturally  become  mere  extensions 
of  the  leading  off  electrodes,  and,  being  in  contivct  with  the  normal  surface  of 
uninjured  cells,  the  potential  diflFerence  disappears. 

It  is  intoruRting  to  note  that  in  tiHsucs  which  contain  as  much  a«  99  per  cent,  uf  water, 
such  as  thoM}  of  the  fresh  water  Medtina,  investigated  by  Cromer  (1906),  an  electrical  change 
in  contraction  can  be  detected. 

As  an  illustration  of  the  phenomena  in  smooth  miiscfe,  we  mciy  take  the 
ureleVf  in  which  the  electrical  changes  accompanying  a  wave  of  contraction 


Fia.  208.  Ei>>x.tro  caiiiii«m;kam  or  toutoisk.— Heart  in  ftitu.  1^1 
off  from  sinus  and  ventricle  apex  to  rapillarj'  olectrometer. 
Movement  of  shadow  upwards  means  negativity  of  sinus  contact. 

A,  niphattii'  aiirinilAr  rcs}ionM;. 
K,  Diphasic  ventricular  rci<|>on»c 

TemiKTat  iin-,  12'  C. 
Time  in  |th  aec 

(Gotch,  1910,  p.  237.) 

were  recorded  by  Orbeli  and  Brilcke  (1910).  Fig.  207  gives  three  of  their 
curves.  la  curve  B  one  wave  only  is  given,  and  is  a  copy  of  the  actual 
photograph  as  oblainefl.  In  curve  A  there  are  two  waves,  one  of  which 
is  marke<l  for  description.  A  movement  downwards  means  that  the  electrode 
under  which  the  wave  first  pusses  Ixn^omes  negative,  and  we  notice  that  the 
large  wave  H,  is  in  this  direction,  and  that  it  is  followed  by  another,  % 
in  the  opposite  direction,  as  the  wave  of  contraction  leaves  the  first  electrode 
and  arrives  at  the  second.  This  corresponds  extictly  to  what  hap{K'ns  in  nerve 
and  skeletal  muscle.  But  what  are  the  waves  marked  v  and  N?  It  is  .suf^gested 
by  Orln^li  and  Brilcke  that  they  represent  a  wave  of  inhibition  pi^eceding  the 
contraction,  as  we  have  seen  in  the  ciiso  of  the  intestine  (page  367).  It  is  clear 
that,  if  the  ureter  were  in  a  .state  of  tonus  or  piirtial  contraction,  inhibition  would 
cause  the  first  electro<lc  to  become  less  negative  than  the  .second,  and  appW 
as  a  positive  tleflection.  If,  however,  the  deflection  N  is  also  due  to  progress 
of  the  wave  of  inhibition  to  tiie  second  clcetnKle,  as  would  ap}>ear  from 
opposite  direction,  it  must  have  travelled  at  a  slower  rate  than  the  excitation 
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Fia.  209. 

a.  Electrical  rhantre  of  the  flop's  vpntriok-  in  titu.    Led  off  by  conlacts  on  apex  and  Nu». 
Wanii  air  for  arlinrial  rtf<]>iration. 

.Sint|>ie  Hi|ihafric  rcHftonHc,  Ikis«  iMN-oniin^;  nei^tivo  flrat.    Time,  )th  sec.  above. 
6.  R«\enied  re»|ii>iiMC  with  (•<i|il  air  for  ri'>|iirati«»n. 

In  niiiiille  curve,  a  lra<'e  of  a  |>rehniinary  short  base  ne);aUvily. 
e,  An  intermediate  sLat;v  Iwtwecn  a  and  h. 

The  heart  t>cat«  arc  indi<-ate«l  hy  a  lAMilioiir  ^'ivin(;  the  trai'inir  l»elw«>en  the  time  «i(rnal.  and  th« 
cUi  lrii-al  i:lian(;e,  and  are  not  to  tjikrn  an  ohowih);  an\thinp  hut  thr  fact  of  the  oi-i'urrf  rire 
of  a  heaU 

Note  that  althon^'h  the  elertrifal  rhnnK'e»<  wcrr  op|iO(>ile  in  »i)j-n  in  a  ami  b,  no  diflerenit;  hm  to  be 
noticed  in  the  nature  of  the  lM.'at,  ho  far  an  could  he  Jud(ce«t  l>\  the  e\e. 

(Baylisti  and  Starling,  1N92,  1.  FigH.  7,     and  5.) 
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wave,  wliicli  HcviiiK  iiupi'olMible.  On  tlie  iithrr  liaiul,  the  fact  that,  as  shown 
in  curve  C,  tliis  fourth  pluusc,  as  well  as  the  tliini,  is  absent  when  tlie  wave 
(lisapiKiui-s  befoix)  it  reaches  tlie  seconti  ek^ctnxJe,  intlicates  that  it  is  due  to 
a  disturbiince,  excitatory  or  inhibitory,  which  travels  along  the  ureter.  If 
it  were  an  inhibition  controlle<l  by  nerve  centms,  as  in  the  intestine,  it  might 
perhaps  have  a  different  time  course  from  the  wave  of  contraction,  but  it  woiild 
seem  useless  for  it  to  follow  the  contraction  wave  at  the  further  electnKio. 
The  inhibition  wave  sometinies  occurs  independently  of  the  excitiition,  so  tliat 
a  series  of  monophiisic  resp<»nses  in  the  positive  direction  may  bo  seen,  only 
occasionally  followed  by  a  negative  one.  The  monophasic  nature  is  due  to 
the  disappearance  of  the  wave  in  a  region  of  decrement  Ix^fore  it  reaches  the 
second  electrode. 

In  the  8pontan(X)Us  perist^iltic  waves  in  the  of  Ap/i/nia,  it  wiis  sliown 

by  Dittlor  (IDll)  that  each  wavo  consistJi  of  a  simple  negative  change,  without 
tho  electroj.>ositivo  accompnuixnent  of  that  of  the  ureter.    This  wave  is  very 


p 

Vm.  210.     TVI'ICAL  FORM  or  TIIK  HITMAN  KMCCTKO  rAHI>nM;UAM,  AS  oltTAINED 

BV  i.KAUiNi;  orr  fkom  uiiiiiT  aku  am>  lkft  akm  (ijcad  2). 


C,  Carotid  {NilHe. 

E,  Kivclw  <-an1u>Kram,  wiUi  the  (IfsiKnation  ol  Uic  e()in|Mincnt  \<tirU  or  waves  as  (fiven  by 
Kintiiown. 

K^-Ale  ill*  ioionM  <if  abM'tMUc,  ODl  nee. 
Srale  cli\  iHumn  of  onliiial^'X,  10  -  *  \o\Ui. 

Einthoven  n-K'w'^J''  "'"'>  '•oin|»oiii'eit  Ulonniin:  lo  the  auriole,  Q,  H,  S,  T  all  >>cinir 

iiarlB  of  the  \i'nlri«  ular  roii'iplex  (see  ivxl, 057)1 

(Einthoven,  1913,  p.  GS.) 

slow,  the  total  duration  being  about  fourteen  secontls,  but  it  gives  no  indication 
of  l>cing  anything  but  a  single  contraction,  not  a  short  tetanus.  So  far  a.s  could 
l»e  made  out,  tlie  duration  of  the  ineclianicivl  response  ap|H*ared  to  coincide  with 
that  of  the  electrical  one  ;  so  that,  if  the  latter  is  an  expression  of  the  excitatory 
state,  and  not  of  the  state  of  coiitrat^-tion,  the  excitatory  state  in  this  case,  at  all 
events,  must  not  merely  precetle  that  of  contraction  but  last  as  long  as  the  latter 
does. 

The  Heart. — Apart  from  the  interest  of  tlie  phenomenon  itself,  the  electrical 
change  in  tho  heart  has  iH'ctune  of  great  ini|K»rtance,  not  «>nly  as  a  means  of 
following  the  course  of  the  contraction,  but  as  a  cliiiiciil  method  of  investigating 
irregularities  in  the  heart  btrat  (see  the  b<x>k  by  Ij(;wis,  1913). 

An  cxjict  analysis  of  the  electrical  change  was  first  nuule  by  Burdon  Sandersf>n 
an<l  Page  (It^SO),  who  showed  that,  in  the  frog's  ventricle,  a  diphasic  deflection 
occurri'<l,  similar  to  that  which  we  have  descrilied  in  nerve  and  muscle.  This  wjis 
of  such  a  direction  as  to  show  that  the  excitation  process  sUirtoii  at  the  and 
progressetl  as  a  wave  to  the  apex.  Fig.  208  is  a  photograph  by  (Jotch  (1910)  of 
the  phenomenon  in  the  tortoise.  In  this  case  one  electnKlo  was  on  the  sinus, 
tho  other  on  the  ajwx  of  the  ventricle,  so  that  the  auricular  change  is  also  shown, 
and  is  s*^^  to  Ijo  similar  to  that  of  the  ventricle,  but  smaller.  T  made,  in  conjunc- 
tion with  Starling  (ISl)J,  1),  observations  «mi  the  corresponding  change  on  tho 
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maninialian  heart.  When  electrodes  were  placed  on  the  biw>e  and  apex  of  the 
ventricle,  in  as  normal  a  condition  as  wc  could  maintain  it,  we  found  that  the 
elect i-ical  change  was  of  a  simple  diphasic  character,  indicating  that  the  wave 
stiirt^Kl  at  the  l>ase  and  was  propagated  to  the  ap«^x,  as  shown  in  Fig.  209  (curve  a). 
When,  however,  the  phenomenon  was  investigate<l  without  o})ening  the  chest,  as 
can  bo  done  by  Ica<ling  off  from  the  right  arm  and  left  leg,  there  was  found  to  be 
a  third  phase  present,  in  the  same  diivction  as  the  first.  The  explanation  which 
we  gave  was  that  the  cxciUition  process  lasts  longer  at  the  base  than  at  the  apex, 
Mi  that  the  electrical  negativity  at  the  apex  has  disiipfK«ared  before  that  at  the 
Iwi.se  hivs  complete<l  its  time  courst^  The  subject  was  taken  up  by  Einthoven,  who 
invented  the  string  galvanometer  (1901,  1903,  and  1904)  for  the  purpose  of  the 
work.  Fig.  210  shows  the  human  "  clectro-carfliogram,"  with  the  designations  of 
the  components  used  by  Einthoven  (1913).  It  hiis  been  clearly  shown  that  the 
first  wave,  F,  is  due  to  the  auricular  contraction,  the  second  phase  of  the  auricular 
contraction  is  usually  concealed  by  the  commencement  of  the  first  ventricular 
phase,  K.  Tlie  meaning  of  the  small  change,  q,  is  rather  doubtful  ;  it  is  not 
always  present,  and  appears  to  l>elong  to  the  ventricular  "complex,"  as  it  is  called. 
If  so,  it  may  mean  that  the  ventricular  excitation  wave  starts  from  a  point  a  little 
distant  from  the  base,  or  it  may  be  merely  a  branch  current,  as  it  is  so  minute. 
The  ventricular  complex  consists  of  the  three  deflections,  k,  s,  nn«l  t.    The  first 


Fig.  211.    Effect  of  local  wakmino  on  the  elkctrical  change  in  thk 

frog's  ventricle.  ... 

The  flrrt  and  hist  i^irtti  of  the  Iracinf;  Bhuw  the  normal  diphnnic  t-IIert  before  and  after  warming  theaiiex. 
The  tiet-ond  and  IhirtI  |»:irlj»  i^how  the  efleet  of  shortening  the  duration  of  the  excitatory  proccua  at  the 
a|«ex  bv  raising;  the  leniix  rature.  The  relatively  (rrealer  duration  of  tfie  itroeew  at  the  rau(*B  the 
ajifHaranrc  t>f  Uie  Ihinl  phuc,  corrc«|)ondinK  to  Einlhoven's  T  wave.  The  way  in  which  this  lia|*peni 
is  iihow?)  in  212. 

(Mines,  1913,  3,  p.  200.) 

two  obviously  represent  the  commencement  of  the  wave  at,  or  near,  the  l)ase  and 
it.s  progress  to,  and  arrival  at,  the  apex.  But  why  is  it  cut  short  .so  quickly  and 
followed  by  the  third  phase,  which  indicates  excitation  at  theltase?  It  is  clear 
tfiat  the  equijMitential  interval  between  s  and  T  must  mean  that  the  whole 
ventricle  is  in  a  state  of  excitation  ;  in  fact,  it  corresponds  to  that  part  of  the 
mechanical  curve  of  the  heart  beat  in  which  the  entire  ventricle  is  in  a  state  of 
contraction.  In  further  analysis,  there  arc  s<:>me  facts  to  which  Mines  (1913,3) 
calls  attention,  in  a  paper  which  contains  an  admirable  account  of  the  electro- 
cardiogram. There  is  no  i-ea-son  to  suppose  that  the  t  wave  is  of  any  difTerent 
nature  from  that  of  the  other  parts  of  the  complex.  It  is  the  end  of  the  total 
change,  as  shown  by  comparison  with  the  monophasic  change  obtained  when  the  one 
electrode  is  on  an  injured  spot.  As  mentione<l  above,  lijiyliss  and  Starling  (1892,  1) 
pointed  out  that  it  must  be  due  to  the  electrical  change  at  the  base  lasting 
longer  than  at  the  apex.  It  is  in  the  same  direction  as  the  initial  effect,  n.  This 
conclusion  is  confirrncd  by  Mines  (1913,  3,  p.  201)  in  exixjriments  in  which,  by 
warndng  the  apex  of  lije  frog's  ventricle,  when  it  was  givuig  a  diphasic  change,  he 
causo<l  the  effect  at  the  latter  to  t^tke  on  a  more  rapid  time  course,  and  thus  made 
the  base  negativity  to  last  relatively  longer.  Fig.  211  shows  that  a  curve 
similar  to  that  of  the  human  electro-cardiogram  is  obtainiHl.  But  why,  in  the 
normal  heart,  should  tlie  base,  wliich  is  excited  first,  apparently  remain  excite<l 
last?  Ootch  (1910)  thought  that  it  was  due  to  the  wave  leaving  the  base,  passing 
to  the  apex,  and  then  back  again  to  the  base  at  the  origin  of  the  aorUi.  Ho 
brought  it  into  relation. with  the  development  of  the  heart  from  a  folded  tul)e  in 
the  embryo.    Meek  and  Eyster  (1912)  and  Mines  (1913,  3)  have  shown,  however, 
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that  such  an  explanation  »I»X',s  not  liuld.  Details  may  f«)und  in  the  work  of  | 
Mines,  who  followed  the  course  of  the  excitation  wave  by  leading  off  from  various 
pointo  on  the  sarface  of  the  ventricle  in  the  frog.  No  ovidenoe  was  obtained  of 
■nob  »  oonne  of  the  wave  as  that  auppoied  by  Gotch.  The  only  aatisfactory 
explanation  was  found  to  bo  that  the  negativity  at  the  Wso  dtjcs  artaallj  Ust 
longer  than  that  at  the  apex,  when  the  heart  is  in  jx»sition  in  the  intact  animal. 
Meek  and  Eyster  come  to  the  same  conclusion.  The  way  in  which  this  fact 
aocoants  for  the  form  of  the  electroHsardiogram  will  be  dear  mm  Fig.  213. 

Now  we  must  remember  that,  in  the  mamnmlian  heart,  the  auricular  excitation 
is  transmitted  to  the  ventricle  through  a  Kystem  of  special  muscular  fibres, 
Purkinje's  cells,  which  hrancli  to  all  parts  of  the  ventricle,  and  that  the  muscalar 
structure  of  the  contractile  wall  consists  of  strands  passing  in  various  directions. 

It  seems  that  Einthoven  is  inclined 
to  attribate  the  lorm  el  the  etoetn>>  | 
cardiogram  to  excitation  st  iriing  * 
from  a  place  not  exactly  at  the 
Iwse,  but  reach in;j^  the  l>aKe  before 
the  apex,  although  various  other 
parts,  not  neoeisarily  the  apex, 
might  be  excited  immediately  after 
the  base.    However  the  excitation 
wave  is  conveye<l,  it  seems  that  at 
any  given  spot  all  the  muKCular 
layers  must  be  in  contraetion 
simultaneously,     otherwise  there 
wouhl  be  danj»er  of  their  tearing 
apart.     Moreover,   the   fact  that 
simple  hearts,  such  as  those  of  the 
frog  and  tortoise^  show,  in  the 
intact  animal,  similar  forms  ol 
electro-cai-diogram  to  that  <»f  the 
mammal,  indic^itcH  that  the  develop- 
ment of  the  Purkinje  system  does 
not  alter  the  general  course  of  the 
wave.   Electro^akrdiognuns  of  aone 
of  the  lower  vertebrates  are  given 
in  Fii^.  213  (from  Lewis's  IxH.k).  It 
is  prolmble,  as  Mines  {xjiuts  out 
(1913,  3,  p.  208),  that  the  sUte  of 
excitation  lasto  so  much  longer 
than  the  time  taken  for  its  trans- 
mission  from  one  |»art  to  anctther, 
that  a  very  small  »lifference  in  the 
duration  at  one  point  or  auotlier 
is  sufficient  to  determine  the  sign  of  the  final  phase.   In  fact,  he  noticed  sa 
alteration  of  sign  in  the  final  phase  in  a  tortcnse  heart  without  any  obvious 
difference  in  the  Ix'at. 

A  detailed  analysis  of  the  course  of  the  excitation  wave  in  the  dog  and  in  the 
toad  is  given  in  the  papers  by  Thos.  Lewis  (lUlO,  1  and  'i). 

From  what  has  been  stated,  it  will  be  clear  that  the  chief  practical  value  of 
the  electro-cardiogram  is  in  the  detection  of  abnormalities  in  transmission  from 
auricle  t^i  ventricle.  MsjH'cially  is  it  to  be  note«l  that  conclusions  l>a.s<il  on 
changes  in  form  of  the  ventricular  complex  rest  on  an  uncertain  lja.sis  until  we 
know  more  about  the  precise  meaning  of  its  components.  The  very  smallest 
dtflferenoe  between  the  time  at  which  the  exoitati<m  wave  reac^iea  two  points 
decides  which  of  these  becomes  negative  first,  although,  as  rogards  the  mechanism 
of  the  conti-action,  the  fact  may  bo  of  no  significance  (see  especially  Fi;;s.  209 
and  i!ll).  'llicre  is.  it  may  Ik?  repeated,  no  evidence  that  any  component  of  the 
electro-cardiogram  is  due  to  a  process  different  from  any  other  component 
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FlO.  212.     IjlAi.K.VM   TO  SHOW  MANNKU  OF  PKO 

Duonoir  or  MoaMAL  BueonuxjAamooaAH  bt 

IX»nKR  IilTKATlf»N,  WITH  I.KSS  MK1<:HT,  OF 
KXCITATOKY  8TATK  AT  THK  BASK  TUAN  AT 
TBM  ATSX. 

Such  a  conditioa  ii  Iraqglii  Aboofc  bf  mnniiig  tke  ^itx,  for 
example. 

The  appermnet  carve  repreiente  Uie  excitatory  itete  <ne|{m« 

tivilN )  ftt  the  l>a»o. 

The  inifldJp  one,  that  at  t  he  t»|>f  \  ;  rvpreHt.-nt«(l  in  the  uiiposite 
dircf-tinii,  Hiti<'<-  the  >  enin<-lo  ii  luppoeed  l4|  Im  let!  €S  Iqf 
electirxlf.s  nl  t>aM_-  rin<l  ajK-v. 

The  loweut  rurvt-  rc]>rrsrnt,><  the  i  l.  .  i  rM  .il  i  hitnjje  wblch 
would  be  Keen  with  Uie  ca|iillar>  clectrouictcr. 
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Tiie  whole  is  to  be  exf^ained  by  difierence  in  time  relations  of  the  oidinaiy  wave 

of  excitation  in  differeDt  (HrectikllM.  Caution  must  be  exeirised  in  drawing 
conclusions' from  the  signs  of  tlio  roinpononts.  TI10  elect  rical  clianp;e,  as  recorded, 
does  not  merely  indicate  Uie  magnitude  of  the  process  under  one  electrode  only, 
since  electrical  expression  of  it  is  cut  short  according  to  the  time  at  which  the 
wave  arrives  at  the  other  electrode. 

Tbe  relations  in  time  of  the  meehanical  and  eleetrical  eflSBcts  iue  of  some 


Ito.  218.    StJsonio<CABmooBAiiB  ibom  mffnunr  aiiihalb» 

TAKKN    BY    I.RADINO    OffT  rSOM    THM  LUUS  WITH  THS 

IIKAKT  rNEXroSKl). 


Frog,  goldfinb,  pi>;c<in,  aii<l  tortoiM  in  order  (roni  a)>ovc  downwartiti. 

The  MwoMal  ■imil'u-ily  to  the  human  electro-cwdio|pitni  \sill  t>e  noticed  in 
the  cMes  o(  the  fro*;  nmi  th«  tortoiM.  The  goldflali  elM>w«  •  dipbaiio 
vcntrirular  chantfe,  like  the  cxpond  ImmtI  €f  the  Irag  wid  tottoiw. 
TlHii  of  Um  pigeon  is  peculiar.  , 

(Lewis,  1913,  1,  p.  18.) 

interest.  Figs.  172,  173,  and  214  show  that  t]>e  duration  is  fjractically  identical. 
In  Fi^.  -11,  from  a  short  article  l)y  Piper  (1913,  1),  wo  see  that  tin-  latter  begins 
a  litth-  Ix  foic  tlic  pressure  change,  and  ends  a  little  earlier.  An  inU  restiug  point 
is  that  the  greater  part  of  the  final  electrical  phase  appears  to  take  place  after  the 
pressure  curve  has  begun  to  fall,  a  fact  which  tends  to  confirm  the  view  taken 
abrjve  that  it  repr(>sents  the  last  part  of  the  wave  of  excitation,  namely,  that  part 
in  the  fihre.s  which  arc  the  lat<'st  to  relax. 

Tt  has  IxH'ii  remarkcMl  al)ov«<  (page  L'15)  that  liovatt  Kv.'uis  (I'M  "2,  2)  foun'.' 
that  the  heart  of  the  snail,  although  requiring  calcium  for  its  normal  activity,  is 
oniMaally  insensitive  to  these  ions.  Thus,  with  1  per  orat.  calcium  chloride  the 
beat  is  normal,  while  the  frog's  heart  is  sent  into  systolic  contraction  by  tliis 
concentration.  A  peculiar  cfTcct  on  the  eli'<  tro  canliogram  is  ulso  to  be  seen. 
In  Fig.  215  we  see  the 'effect  referred  to    The  heart  is  first  iu  tonus;  calcium 
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I 

chloride,  0*6  per  cent.,  is  then  applied,  and  nubeequently  a  regular  series  of  besti 
with  a  large  initial  deflection  made  its  appearance.    This  disappeared  afpun  when 

the  calcium  salt  was  wa*»hiMl  away  with  Hodium  rliloride. 

The  eltM-t  rf>  j>ositive  change  oceun  ing  in  inhibitiuu,  observed  by  Gaaicell  aod 
others  (p.  4U7)^  has  been  already  discussed. 

^areting  Gfanda^Th^  electrical  dianges  in  the  salivary  glands  have  been 
described  above  (pa^eM^-353).  ¥\g,  93  (page  351)  represents  them.  Certain  con* 
elusions  as  to  the  secretory  procf*ss  wore  drawn  from  them.  KIpctrioal  effects  in 
other  glands  were  also  montioncd,  ewpocially  those  of  Hermann  and  Lacbsuiger 
on  the  frogs  tooguo  and  on  tlie  sweat  glands  of  the  cat  (1878,  1  and  2). 

The  skin  of  the  frog  is  also  a  stractare  containing  simple  glands,  on  whkb 
considerable  work  has  been  done.  That  of  L.  and  S.  Orb^  (1^10),  which 
contains  full  references  to  the  earlier  work,  may  be  especially  referre<I  to  here. 
These  observers  show  that  the  direction  of  the  response  to  nerve  stimulation  varies 

with  tlie  solution  usfl  on  the  lea^ling  off 
electrodes.  With  whLci  alone  tlie  current 
is  an  inflowing  one,  that  is,  the  enter 
surfat^  l>ecomes  negative ;  with  sodivB 
chloride,  0'055  t<»  0  7  |M'r  cent.,  it  1iecou>es 
positive.  With  {HttasHiuHi  chloride  ihf 
etiect  is  the  same  as  with  water,  luit  pn- 
ceded  by  a  small  deflectioii  In  the  opposite 
direction.  Tlie  interpretation  of  the  fscts 
is  not  cosy,  but  tlio  occurrence  of  an 
electrical  change  in  ih(»  presence  of  wat^r 
eleclrodos  shows  that  it  is  not  niewly  dot- 
to  the  ions  of  the  electrodes.  Also,  Uit; 
OGcnrrcnce  of  two  changes  in  two  dtfibrmt 
directions  indicates  the  existence  of  .two  | 
processes  in  the  gland  cells,  as  disonsied 
above  (page  .152). 

If  we  suppoiio  that  wo  lead  off  froiu 
opposite  ends  of  a  gland  cell  and  that  one 
end  becomes  permeaUe  when  secretjoa 
occurs,  it  is  clear  that  we  obtain  then  the 
|Xjtential  of  the  Helrnholtz  double  layer, 
since  we  obtain  access,  as  it  werr,  to  the 
interior  of  the  cell.  Thus,  if  the  cell  luem- 
brano  is,  at  rest,  permeable  to  certain 
anions  only,  we  obtain  an  (sffect  of  the  sijrt 
of  that  as.»HK'i«ted  with  stimulation  of  the 
chorda  tynipani  nerve  in  the  dog.  This 
view  is  in  agreement  with  tlie  theory  of  secretion  given  above  (p^ige  334). 

BketpieaL  Fid^ — ^Tbe  capability  of  certain  f&hcs  to  give  powerful  electrii: 
shocks,  amonnting  to  a  potential  diflerence  of  two  or  three  hundred  vdts,  might 
appear  puzzHng  until  we  remember  that  the  electric  organs  are  composed  of  a 
larj^e  numl>er  of  plates,  arranged  in  s<'ne8,  and  that  the«p  phites  are  excilwl 
siniultancHjusiy  by  nerve  fibres,  .so  that  a  certain  small  potential  dillere&ce  is 
established  between  the  oppasite  sides  of  each  plate. 

Wesee  that  there  is  ttoi4Ni«s  of  excitation  and,  exijerimentally,  the  electrical  change 
is  found  to  be  a  discharge,  or  seri<vs  of  rhythmic  discharges,  in  one  direction  only. 

With  the  exception  of  that  of  Malapteruru.s,  the  electrical  organs  api)ear  to  be 
formed  of  nuHlified  .skeletal  nmscic.  Tt  has  l>een  suggested!  by  Ootch  that  t*H» 
electrical  change  is  that  of  the  n(?rvo  end-platt».  Tlie  muscular  structure  iUselt  has 
almost  disappeared,  but  Fig.  21 G  shows  that  an  apparently  complex  arrangemcDt 
of  papilhs  has  taken  its  place.  It  is  interesting  to  note  that^  although  the  oc^ui 
of  MalaptiTiirus  is  developed  from  tkva  glands,  its  structure  is  very  similar  to  UisC  | 
of  other  lisli,  so  that  there  tntist  he  some  significance  in  those  parts  present  is 
addition  to  the  nerve  end  platus  of  the  original  muscle  Obres. 


J  I       t  a  I 


FlO.  214.  SiMI  r/fANKOUS  KK'  <>KI»S  OK 
lllTRAVlbNTKlCDLAa  FRSBSUiUi  (UlTKK 
CUKVa)  AMB  SLlOnifOAIt  CBAVOR 
(LDWSa  CUBVB)  or  THE  GAT^S  UKAET. 

Btetroiieti  on  iiiri<  le  aad  TBDtrtcle.  Time  to 

teottw  of  a  !<ei'oiiil. 

2fat€  Uni  th«  tkutriial  chancre  continues  <lurin(f 
theiMiiad  ol  relaxAtion  of  the  vcntri<ir. 

(After  Piper.) 
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shock,  owing  to  the  manner  of  connection  of  the 
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The  eloctroraotive  force  of  the 
plateH  in  series,  is  naturally 
greater  when  these  plates 
are  arranged  along  the 
length  of  the  fish  than 
when  aci*oss  it.  That  of 
Malaptcrurus,  according 
to  the  most  recent  deter- 
minations of  Cromer,  with 
the  string  galvanometer 
(see  Garten's  article,  1910, 
p.  200),  amounts  to  450 
volts. 

It  is  obvious  that,  in 
order  to  obtain  an  effective 
potential    difference,  the 
whole  of  the  electrical 
plates  must  be  excited 
simiil taneoasly.  When 
they  are  all  innervated 
from  a  single  neurone  on 
each    side,  as  in  Malap- 
terurus    (see    page  471 
ahove),  this  is  easily  ex- 
plained.   But  in  other  fish 
the    centres  consist  of  a 
large  number  of  cells, 
106,000  in  Torpedo,  accord- 
ing to  Fritsch.    Since  each 
single  discharge  of  the 
organ  only  lasts  about 
0005    sec.,    the  atljust- 
raent  of  the  reflex  activity 
of  the  neurones  must  bo 
very  accurate  in  order  that 
each  plate  shall  be  in  phase 
with  the  others,  so  as  to 
sum  up  with  them. 

The  latent  period  ap- 
pears to  he  no  less  when 
the    organ   is  stimulated 
<lirectly  than  when  through 
the  nerve.    Thw  fact  may 
mean  that  the  only  active 
part  is  the  nerve  end-plate, 
or   that  any  other  part, 
such  as  might  be  developed 
out  of  the  muscle  fibre,  is 
not  directly  excitable. 
After  section  of  the  nerves, 
the  direct  and  indirect 
excitability  of  the  organ 
vanish  together,  contrary 
to  the  case  of  muscle. 

That  there  is  some- 
thing   more    than  nerve 
fibre   rasponsible  for  the 
electrical  change  is  shown  by  the  fact  that  the  organ  is  much  more  quickly 
fatigued  than  nerve  fibre  itself,  although  not  so  quickly  as  muscle  (Garten,  1910, 
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p.  184).  The  fatigue  is  simultaneous  for  direct  and  indirect  stimulation,  and  is 
thus  situated  in  the  active  cells  themselves,  not  in  an  intermediate  substance. 

Experiments  on  heat  production  Imvo  shown  that  it  is  very  minute ;  but  the 
results  are  somewhat  contradictory,  and  it  has  been  suggested  that  two  processes 
may  be  going  on,  an  endothcrmic  and  an  exothermic  one.    Correspondingly,  only 

inRnitesimal  chemical  changes  have  been 
detected. 

The  conclusion  seems  to  be  indicat4xi 
that  the  process  is  one  involving  very 
slight  expenditure  of  energy,  apart  from 
that  necessary  for  the  current  itself. 
Probably  the  chief  process  is  one  of  change 
of  permeability,  involving  redistribution  of 
ions. 

The  electric  fish  are  relatively  in.sen- 
sitive  to  electrical  shocks,  although  not 
entirely  so,  jis  was  thought  al  one  time. 
This  state  may,  perhaps,  depend  on  some 
peculiarity  of  the  permeability  of  their  cell 
membranes  to  ions;  that  is,  it  may  be  a 
bad  electrolytic  conductor,  as  suggested  by 
Garten  (1910,  p.  212). 

TKi>,  Hetina. — The  significance  of  the 
electrical  change  in  this  organ  has  been 
discussed  above  (pages  523-524). 

Plant  Tiss^ies. — In  accordance  with  the 
general  theory  of  the  mode  of  production 
of  differences  of  electrical  potential,  it 
would  be  expocte<l  that  all  phenomena 
associated  with  changes  in  the  permeability 
of  the  cell  membrane  would  give  rise  to 
electrical  effects.  Owing  to  the  short 
circuits  present  in  all  tissues,  it  is  only 
when  the  pi-ocesses  take  place  with  some 
rapidity  that  it  is  possible  to  detect  them. 

Some  cases  have  already  been  given. 
Dionaca  and  the  sensitive  plant  (page  430), 
the  effect  of  light  on  the  green  leaf  (page 
567),  and  the  moving  protoplasm  of  Nitella 
may  be  mentioned. 

Loeb  and  IJeutner  (1912)  and  Beutner 
(1912)  made  some  interesting  experiments 
on  the  apple.    If  both  electrodes  are  on 
uninjure<i  surfaces,  change  of  the  electro- 
lyte concentration  in  one  of  the  electrtnies 
causes  the  appearance  of  a  potential  differ- 
ence, owing  to  change  of  concentration  of 
the  ions  forming  the  double  layer,  and  the 
magnitude  of  the  effect  follows  the  Nernst 
The  addition  of  non  -  electrolytes,  ui-ea 
d«>es   not  affect   the  potential  difference.    All  cations  act  in  the 
as  was  explained  above  (page  161),  owing  to  the  possibility  of 


FlO.    216.      Kl.KrTRTCAL    OROAN    OF  TIIR 

SKATK, — Mitrn)«o<)|jic  structure  of  part 
of  oQo  of  tho  discs.  Soniowhnt  dia- 
grammatic. 


Ner\'ou» 
iiiiiia. 


a,  Traiisvoruo  wiiluin 
6,  Mi*i1iillu(<il  flhrea  of  plexiu 
r,  Torniiiial  ronitfloatioiiR  of  non-mmliil' 
lat^^l  nerve  lihrett 

d,  Niicleal/cd  layer 
Striated  U^  er     i  The 

f,  Aiveolated'  ^ 

g.  Connective  tiwiie. 

A,  TrMMventc  wptiiin.    At  its  Junction  with  the 
longitudinal  aepUitn  a  nerve  in  Heen  in  iteetion. 

(Hurdon -Sanderson  and  (Jotch, 
.//.  of  rhytnol.,  9,  p.  14.T) 


as 


given 


above  (page  191). 


formula 
or  sugar, 

same  way,  .„  ,  „    ^  ^ 

free  interchange  between  ions  of  the  sjiine  sign.  It  may  be  remarked  that  this 
interchangeability  as  reganls  all  cations  distinguishes  tlie  kind  of  concentration 
battery  in  question  from  that  whert*  metallic  electrfHlcs  are  concerned.  In  the 
latter  case,  of  course,  it  applies  only  to  salts  of  the  particular  metallic  ion  itself. 
In  the  former  case,  the  electrode,  by  intin-change,  becomes  one  composed  of  al) 
the  cations  present  outside  it,  in  corresponding  concentrations. 
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The  reader  will  probably  bave  noticed  how  much  of  the  fundamental  work 
io  the  rcfr'ion  of  the  phcnotucna  of  electrical  re8()on8Cs  is  due  to  Burden- 


Fin.  217.    Portrait  or  Bi  ri»on  Sanhkr-son. 

(From  a  negative  by  Sir  Ed.  St-hiifer.) 

Sanderson  and  his  co-workers.  Skeletal  muscle,  heart,  plant  tissue,  and  the 
electric  fish  receive*!  the  greater  part  of  their  clear  and  definite  presentation  from 
the  researches  mentioned.  This  is,  therefore,  the  most  appropriate  place  to 
call  attention  to  his  portrait,  which  will  l>e  found  in  Fig.  217. 
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SUMMARY 

In  tbf  uso  of  instruments  for  recordinaf  the  changos  in  the  electricAl  stat^ 
of  tissues,  liiv.  uit|H>rbaot  point  to  be  kept  in  mind  is  tltat  the  moving  partii  shall 
be  able  to  follow  rapid  alterations  in  ttnrrant  or  potential,  and  thiii  withoat 
overahooting  the  cornet  pontion.  Tbey  iniiat  eithv  be  ftperiodic^  bot  withoat 
more  damping  than  just  neeesBiuy,  or  their  own  vibration  period  must  be  shorter 
than  that  of  any  change  to  Vie  measured. 

The  interest  of  electrical  clmnj^e^H  is  not  only  a'^  J?iving  insight  into  the 
proceHHOH  going  on  in  the  cells,  but  also  as  a  means  of  investigation  of  the  time 
relations  and  other  properties  of  these  proce.«Mos.  In  the  case  of  nerves,  there 
is  frequently  no  other  method  avaibble  for  detecting  the  existenoe  of  the  passage 
olimptUses. 

Although  the  ultimate  souroe  of  differeaoes  of  potential  in  oells  must  be  due 

to  the  separation  of  electrically  charged  ions,  it  is  found  that  the  diiferent  rates 

of  movement  of  ions  free  to  diffust^  is  inaflequate,  while  the  presence  of  uH'tAllic 
electrodes  similar  to  those  of  the  usual  form  of  concentration  battery  is  out  of  the 
question. 

On  the  other  iiand,  the  existence  of  a  oell  membrane  permeable  to  one  only 
of  the  oppositely  charged  icnis  of  a  bliia«y  electrolyte  is  capable*  of  aeeounting 
satislbctQrily  for  all  the  phenomena  met  wiUi. 

It  is  shown  that  the  electromotive  foroe  of  a  oonoentnitioa  battery  of  this 
particular  kind  follows  the  same  formula  as  that  with  metallic  electrodes.  It 

nijiy.  indeed,  l)e  rei^nnled  as  a  mod(?l  of  the  process  in  the  case  «(f  metallic 
electrodes.  Tlic:  dilli  lotjce  is  that  the  luombranc  cell,  or  eleetnxle,  is  indilferent 
to  the  chemical  naburo  o£  the  ions,  being  concerned  only  with  the  sign  of  the 
charge^  while  the  metallic  electrode  only  takes  account  of  ions  d  the  same 
chemical  nature  as  itself.  The  reason  for  this  difference  in  behaviour  is  that  the 
membrane  allows  fret^  interchange  l>etwpen  diffusible  ions  of  tlio  same  sign 
between  the  interior  and  extericHV  ao  long  as  the  potential  difference  is 
unchanged  thereby. 

The  contact  surface  between  phases  is,  similarly,  the  site  of  a  potential 
difference,  if  one  of  the  ions  is  soluble  in  both  phases,  the  other  in  one  only. 

There  is  reason  to  believe  that  the  electrical  change  in  nerve  and  muscle  is 
inseparable  from  the  state  of  excitation,  but  that  the  state  of  oontrsction  <»f  muscle 
may  be  sbsent^  although  the  electrical  phenomena  remain. 

Description  is  given  in  the  text  of  the  way  in  which  the  "  demarcation  currmt " 
and  the  "  negative  variation "  in  nerve  and  muscle  are  explained  on  the  basis  of 
menihmne  potential. 

The  phenomena  in  smooth  muscle  are  discussed  in  the  text. 

Tn  the  ventricle  of  tln^  heart,  when  h»<l  off  directly,  tlirrc  is  a  simple  diphasie 
change,  indicating  the  prt>gression  of  a  wave  of  negativity  from  base  to  ajH'x. 

When  the  electro-caifliogram  is  obtainecl  from  the  unexposed  heart  it  has 
thrco  phases,  the  third  one  indicating  negativity  of  the  base.  This  may  be  due 
either  to  the  excitatory  state  lasting  longer  at  we  base  than  at  the  apex,  or  be 
due  to  the  course  of  the  wave  not  being  so  simple  as  a  progression  from  base  to 
iqiex  merely*  Tlio  former  h^rpothesis  is  more  in  accordance  with  facts.  But 
it  must  be  remembered  that  transmission  is  by  means  of  Purkinje  tissue,  which 
conducts  faster  than  ordinary  heart  muscle,  .sit  that  contraction  may  be  prax  ticftlly 
simultaneous  in  all  parts  of  the  ventricle.  By  shortening,  artilicialiy,  tiie  dura- 
tion of  the  excitatory  state  at  the  apex,  or  lengthening  that  at  the  base,  the 
triphasic  curve  can  be  obtained  from  a  diphasic  one. 

There  is  no  rea.son  to  suppose  that  there  is  any  difference  lietween  the 
c<»mponents  of  the  eleotni  cartliogram  other  than  that  due  to  the  different  times 
of  arrival  and  duration  of  the  excitatory  state  at  the  various  parts  of  the  heart 
muscle. 
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In  the  skin  of  the  fioi;,  it  has  been  shown  that  th<»  elwtrical  clmn^r  can  still 
be  obtained  whon  the  siiHue  solutiun  in  the  leading  off  electrcKleii  is  repiaceci  by 
water  \  so  that  a  clear  proof  is  given  that  the  electrical  effect  is  not  merely  due 
to  the  electrolyses  of  the  leading  off  aotutioo.  In  accordance  with  the  memlmQe 
theory,  we  find  th.it  lx>th  hero  and  in  the  case  of  plant  tissues  the  electromotive 
force  IB  modified  by  the  concentration  of  the  cations  of  the  leading  off  solution. 

A  brief  account  is  given  in  the  t<?.vt  of  the  electrical  fish,  ixnd  the  interest  (»f 
the  phenomena  from  the  geaeral  point  of  view,  as  regards  roliex  CiQK>rdiiiation 

and  iio  on,  is  point-etl  out. 

Tlie  eitx:tricul  phcnouicna  in  plants  are  readily  explicable  in  terms  of  ciiaugcs 
of  permeability  of  the  cell  membrane. 
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THE  CIRCULATION  OF  THE  BLOOD  ^ 

.  r 

• 

In  organisms  of  microscopic  dimensions  tiiero  is  obviously  sufficient  opportunitj  « 
for  interchange  of  soluble  materials  by  diffusion,  without  the  necessity  for  specud  t* 
provision  to  enable  the  products  of  the  activity  of  one  organ  to  i-eivch  another  •» 
organ  with  duo  rapidity.    With  increa.so  in  size  this  is  no  longer  the  case,  and  ..^^ 
is  especially  im[)ortiuit  witli  regard  to  the  supply  of  oxygen.  «.<•' 


Via.  218.     A  PAOK  FROM  THE  RErRODUCTIOX  OF  HaRVEY's  MAKUSCR1I*T  VOTES. 

(Har>'ey,  1616,  p.  80.) 


Accordingly,  we  find  more  or  less  rudimentary  methods  of  causing  flow  of 
body  fluids  from  one  part  to  another  in  early  stages  of  evolution. 

The  objects  of  such  currents,  which  later  become  developed  into  those  of  a 
special  fluid,  the  blood,  in  a  system  of  closetl  tubes  with  a  pump,  the  heart,  may 
be  said  to  be,  in  general,  threefold  : — 

1.  The  supply  of  food,  inclusive  of  oxygen,  to  all  parts  of  the  organism. 

2.  The  removal  of  waste  products  of  activity,  which  would  paralyse  function 
if  allowed  to  accumulate. 

3.  The  carriage  of  chemical  substances  from  an  organ  in  which  they  are 
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prcHJuced  in  order  to  iuflueiice  the  activity  of  other  organs.    This  function  haa 


Fio.  219.    Portrait  of  Harvey. 

(Photopjraphcd  by  Elliott  k  Fry  fmm  the  pictnro  hy  Mierevelt  in  the 
Council  Room  of  University  College,  Ix)ndon,  The  original 
is  in  the  possession  of  University  of  London,  University 
College.    Reproduced  by  permission.) 


come  e.specinlly  into  prominence  in  recent  years  in  the  theory  of  internal  secretions, 
or  hormones. 

Ill  the  early  stages  this  fluid  is  not  confined  to  special  channels,  but  passes 
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through  interspivces  in  the  tissues.  A  kind  of  pump,  the  heart,  is  very  early  met 
with,  even  in  sucli  simple  vascular  systems,  and  it  serves  to  accelerate  the'  flow. 
In  some  organs  in  the  higher  vertebrates  there  are  remains  of  this  lacunar  syst*-m 
of  circulation,  in  the  sploon,  for  example. 

History. — It  is  a  matter  of  common  knowledge  that  Harvey  (161G  and  1628) 


Fio.  220.   PoRTRArr  or  T.rKowKNnonK. 

(From  the  repnxluction  in  //.  R.  Micron.  Soc.,  1913,  part  2. 
By  Ibu  kin<liic88  of  the  Council.) 

was  the  first  to  grasp  the  fact  that  the  function  of  the  heart  is  to  drive  the  blood 
along  the  blood  vessels  and  l>ack  to  the  heart  in  a  circle.  This  knowledge  be 
gained  by  exj)criments  on  living  animals,  combined  with  deductions  from  tlie 
direction  in  which  the  valves  of  the  heart  and  of  the  veins  allowed  the  blood 
to  flow.  The  first  statement  appears  to  be  in  the  manuscript  notes  of  lectures 
given  in  1615  to  the  College  of  Physicians  of  London.  These  notes  have  been 
published  in  facsimile  by  the  College  of  Physicians,  at  the  instance  of  the  Utc 
Sir  Eld  ward  Sieveking.  The  reader  may  be  interested  to  glance  at  Fig.  218,  in 
which  a  page  from  this  facsimile  is  reproduced.  The  statements  to  which  Harvey 
affixes  bis  initials,  he  intends  to  claim  as  hi^  discoveries.    The  transcription  uf 
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the  first  eight  linm  of  this  paasago^  m  given  in  tbe  book  referred  to^  raeda 
thus * 

**  Wfl  conatat  per  fabricam  cordis  sanguinem 
per  pulriKHiOH  in  Aortam  perpetuo 
trannfei  ri,      by  two  clacks  of  a 
water  bellows  to  rayae  water 
eonatat  per  liji^aturam  tnuuitum  sangainis 
ab  artoriis  ad  vonas 

unde  A  JH»rpetuu?ii  sant^iiinis  motom  . 
in  circulo  tieri  pulsu  cordis/' 

It  is  to  be  remembered  that  these  notes  were  only  meant  to  be  used  by  the 
lecturer  to  assist  his  memory,  so  that  a  translation  must  bo  somewhat  free.  It 
may  bo  given  thus :  "  WH  shows,  by  the  way  the  heiirt  is  made,  that  tlje  blood 
is  perpetually  driven  from  the  lungs  into  the  aorta,  '  as  by  two  chieks  of  a  water 
bellows  to  rayse  water.'  He  shows,  by  means  of  ligature,  the  paHsage  of  the  blood 
from  artmes  to  vans.  Henoe  it  is  dmnonstrated  that  the  [>erpetiial  movement 
of  the  blood  takes  place  in  a  circle,  owing  to  the  boat  of  the  heart." 

The  more  complete  'Ipnionstmtion  was  given  in  the  book  published  in  1628. 
A  portriiit  of  Harvey  is  givoii  in  Fi<;.  219. 

The  demonstration  of  the  actual  passage  of  blood  from  arteries  to  veins  in 
the  peripheral  parts  of  the  circnlatory  system  was  itrst  given  by  Lsenwenhoek 
in  168G  (see  H.  O.  Plimmer,  1913.  p.  130).  He  saw  it  in  the  tail  of  the  tadpole  by 
the  aid  of  the  microscope  which  he  hsd  invented.  A  portrait  of  Leeuwenhoek 
wUl  be  found  in  Fig.  220. 

MalpigHi  in  l^Hl  (so*-  Fo-ti-r,  p.  07)  saw  the  capillaries  in  the  drici!  lung  of  the  frog, 
bttt  ii  WAB  Le&uwuuhoek  who  lirst  Uebected,  in  the  living  aaiinat;  the  bluud  actually  passing 
from  Mtery  to  vein  throogh  the  oafrilburies. 

Although  the  first  clear  presentation  of  the  circulation  of  the  blood  Nvas  made 
by  Harvey,  it  is  plain  that  Leonardo  da  Vinei  (1452>1919)  was  not  fisr  from  the 

discovery.  It  seems  evident  from  his  descriptions  in  the  "  Quaderni  d'Anatomia  " 
that  he  realised  that  tlio  function  of  tlie  honrt  is  to  drive  the  blood  into  the 
arteries.  One  of  his  drawin'j;H  nf  tlie  heart  and  blood  vgss<?1.s  in  man  is  given  in 
reduced  size  in  Fig.  221,  and  some  sketches  illustrating  ohservatioiiii  uiade  on  the 
movements  of  the  heart  of  the  pig,  when  killed  by  inserting  a  "  piercer  "  lor  wine 
casks  into  the  hearty  in  Figs.  233  and  233.  In  the  description  of  these  observa- 
tions ho  states,  il  core  nella  sua  espulsione  del  sangue  si  racorta,"  "  tlie  heart 
shortens  itself  during'  its  expulsion  of  tho  blood"  ("Quaderni  dAnatomia," 
I.  p.  22.    Line  8  of  Fig.  L'  J.'^). 

In  Fig.  221  tho  curious  "mirror"  writing  used  by  Leonardo  will  be  noticed.  It  is 
aomotimoa  stated  that  this  is  a  proof  that  tho  artist  was  left-handed.  This  view  is  confirmed 
by  the  fact  that  his  shadiii^  is  ihvays  drawn  from  left  to  right  downwards.  Others  hold  that 
it  is  much  more  probabiu  that  he  could  use  either  hand  e<|ually  well,  and  adopted  the  mirror 
writing  aa  a  protection  against  ecclesiastical  interference,  since  the  nature  of  the  writing  was 
not  disoovsrea  for  a  oontiderable  tima,  and  it  was  thought  to  be  a  cipher. 

Since  the  blood  vessels,  as  they  get  further  from  the  limrt,  divide  up  into 
smaller  and  smaller  branches,  it  will  be  clear,  fnnn  the  account  given  on  page  241 
above,  that  the  internal  friction  of  the  blood  causes  ocmsiderable  resistance  to  the 

flow.  A  somewhat  high  pressure  is  thu3  required  in  the  main  arteries  to  drive  the 
bliHKl  at  an  adequate  rat^  through  these,  snmll  vessels.  Tt  may  bo  repeated  here 
that  it  is  in  tho  small  art4irioles  that  the  chief  resistance  occurs,  on  account  of  the 
fact  that  the  rate  of  flow  is  great  here,  and  the  friction  is  proportional  to  the 
velocity.  ^  the  capillaries,  although  they  are,  individually,  narrower  than 
the  arterioles,  the  rate  of  How  is  small,  owing  to  the  sectional  area  of  the  bed  bdng 
greatly  increased  by  the  great  inerease  in  their  numl>er.  A  high  arterial  pressure 
is  also  of  advantage  when  the  artei  ioles  of  an  aetivc  or^an  are  dilat***!.  The  high 
blo<id  pressure  enablcM  a  considerably  greater  flow  to  take  place  through  the  organ, 
without  notable  diminution  of  that  through  other  organs.   Moreover,  a  much  mora 
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Fio.  221.    Copy  ok  tiik  drawinu  by  Lkc»naki>o  da  Vinct  ok  the  anatomy  or  thk 

HUMAN  V.\!J<TILAK  SYSTEM.  — li*.*<lucetl  in  HIZC. 

(Leonardo.  Hri'i-ISIQ,  Folio,  I'irfctal 
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delicate  adjustmeut  of  flow  can  be  effected  with  a  high  driving  pressure  than  with 
a  low  one. 

The  fact  that  mammals  possess  a  higli  arterial  pressure  was  shown  by  Stephen 
Hales  (1733).  The  second  volume  of  his  book,  "  Hifmastatics,"  opens  with  the 
description  of  his  famous  experiment,  which  I  will  give  in  his  own  words  : — **In 
December  I  cause<l  a  mare  to  l)e  tied  down  alive  on  her  back  .  .  .  having  laid  open 
the  left  crural  artery  about  3  in.  from  her  belly,  I  inserted  into  it  a  brass  pipe 
whose  bore  was  \  of  an  inch  in  diameter  ;  and  to  that,  by  means  of  another  brass 
pipe  which  was  fitly  adapted  to  it,  I  fixed  a  ghiss  tube,  of  nearly  the  same 
diameter,  whieh  was  9  ft.  in  length  :  then  untying  the  ligature  on  the  artery,  the 
blood  rose  in  the  tube  8  ft.  3  in.  perpendicular  above  the  level  of  the  left  ventricle 


Fia  224.   Portrait  of  Stki-iien  Hales. 


of  the  heart :  but  it  did  not  attain  to  its  full  height  at  once ;  it  ru.shed  up  about 
half  way  in  an  instant,  and  afterwards  gr.MJually  at  each  pulse  12,  8,  6,  4,  2,  and 
sometimes  1  in. :  when  it  was  at  its  full  height,  it  woidd  rise  at  and  after  each 
pulse  2,  3,  or  4  in.  ;  and  sometimes  it  wouM  fall  12  or  14  in.,  and  have  there  for  a 
time  the  same  vibrations  up  and  down,  at  and  after  each  pulse,  as  it  had,  when  it 
was  at  its  full  height ;  to  which  it  would  rise  again,  after  40  or  50  pulses." 
A  portrait  of  Stephen  Hales  is  given  in  Fig.  224. 

The  circulatory  system,  then,  consists  of  a  branching  system  of  tul)es,  the 
arteries,  arising  from  a  pump,  the  heart.  After  dividing  up  into  a  fine  network 
of  capillaries  in  the  various  organs,  the  vessels  reunite  to  veins,  which  enter 
the  heart  again  at  the  opposite  end. 

In  mammals  there  are  what  amounts  to  two  separate  circulations  with  two 
pumps,  although  the  two  pumps  are  combined  together  side  by  side  in  the  heart, 
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where  they  are  called  riglit  and  left  auricles  and  ventricles,  respectively.  Fijj. 
225  is  a  schema  of  the  circulation  in  binls  and  mamraals.  In  the  fish  there 
is  only  one  circulation.  The  venous  blood,  arrinng  at  the  heart  is  sent  first 
through  the  aerating  organs,  the  gills,  from  which  it  is  distributed  to  the  arteries 


Right  heart 


Limgs 


Left  heart 


Fio.  225.  DiAOHAM  or  thf  mammalian  cnicrr.ATi05. 
Venoua  blood,  black.  Art<rial  blood,  left  whit*. 


of  the  body  in  general.  Tn  the  amphibia  and  reptiles,  part  of  the  blood  on!v 
passes  through  the  lun*;s,  which  may  be  con.sidered  to  be  one  of  the  parall-l 
paths  of  the  diagram.  There  are,  however,  arrangements  by  which  a  more  or  le«f 
perfect  separation  of  the  aerated  blood  from  the  venous  blood  is  effected,  so  tlw: 
the  organs  may  have  the  benefit  of  that  which  contains  most  oxygen.    Details  ^ 
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these  amngements  may  be  found  in  the  textbooks  of  comparative  anatomy. 
In  the  schema,  the  bloorf  wliich  has  lost  its  oxygen  to  a  ^r-f-at  extent,  and  taken 
up  excretory  products,  is  represented  black.  As  is  well  known,  this  blood  appears 
blue  by  reflected  light  through  the  skin.  **Blue  blood*'  is  tiiat  which  is  of 
tomparatively  little  use  for  the  demands  of  the  ois^ism. 

THE  HEART 

As  remarked  above,  Leonardo  da  Vinci  realised  that  the  heart  is  an  organ 
which,  by  its  active  muscular  oontraotion,  decreases  periodically  in  its  volume, 
and  thus  drives  out  the  blood  which  has  rnn  into  it  during  the  time  in  which 
it  was  relaxed.  Owing  to  the  high  pressure  necessary  to  drive  the  blood  through 
tlip  ]>pripheral  arterioles,  it  is  elenr  rliat,  unle^^s  there  were  valves  at  the  origin 
ot  tile  aorta  to  prevent  the  blood  riowing  back,  this  pressure  could  only  last  for 
a  moment,  during  the  contraction  of  the  ventricle,  and  also  that  no  blood,  or 
very  Utile,  could  run  in  from  the  veins,  since  the  ventricle  would  fill  up  from 
the  aorta.  In  fact,  there  would  be  a  very  inefficient  circul  iti  n.  Valves  avc 
obviously  necessary  between  the  auricles  and  ventricles  also,  t<»  enalile  the  energy 
of  tbe  ventricular  contraction  to  drive  the  blood  into  tlie  aorta  or  pulmonary 
artiiry  against  the  pressure  existing  there,  and  not  backwards  to  the  veins. 

Owing  to  ita  great  importance,  the  physiology  of  the  heuri  and  the  circulation  has 
|in>babiy  attrsoted  more  attention  than  anv  other  branch  of  the  science.  It  is  clearly 
impossinle  to  refer  to  the  whole  of  this  work,  so  that  I  must  confine  myself  to  fact'^  which 
seem  to  Im  the  most  general  interest.  Further  details  may  be  found  in  the  tx>ok  \<\ 
8tarliiig<ll»0). 

The  genecal  pfopertiss  of  tha  muscle  of  the  heart  have  been  deeoribed  oo  pages  461 
above. 

Thr  Wobk  of  thb  Hbaut 

The  energy  given  out  by  the  muscular  contraction  of  the  ventricles  is, 
apart  from  the  heat  yroduced,  used  in  raising  the  pressure  in  the  aorta  and  in 
giving  to  the  mass  of  blood  a  certain  velocity.  The  former  is  mainly  ex^^uded, 
to  begin  with,  in  stretching  the  elastic  walla  of  the  arteries.  The  kinetic 
energy  of  the  latter  is  only  a  small  fraefaon  of  the  whole  work  when  the 
output  is  small.  According  to  the  data  given  in  Starlings  book  (1919^ 
p.  916),  in  the  human  heart  the  kinetic  energy  only  amounts  to  0*7  gram- 
metre  per  beat ;  whereas  the  former,  measured  by  the  produet  of  the  volume  of 
the  blood  driven  out  by  the  pressure  to  which  it  is  rai^eii,  amounts  to  about  dl*6 
gram-metres.  On  the  other  band,  when  the  output  is  large,  as  in  muscular  work, 
the  kinetic  energy  of  the  blood  current  is  an  appreciable  fraction  of  the  total 
external  work  of  the  ventricular  contraction.  Evans  finds,  for  example,  tiiat 
with  an  output  of  two  litres  per  min^ite,  the  kinetic  energy  amounts  to  as  much 
as  16  to  18  per  cent,  of  the  whole.  Jn  the  case  of  the  right  ventricle,  owing  to  the 
low  pressure  in  the  pulmonary  artery,  the  product  of  volume  and  pressure  Is 
pfobablj  a  much  smaller  fpution  of  the  whole  work  than  in  that  of  the  left 
ventrii^  The  pressure  here  is  taken  as  the  mean  between  the  aortic  pressure 
at  the  moment  of  opening  of  tlie  nortic  valves  and  that  when  they  close  again 
as  the  ventricle  begins  to  relax.  It  is  obvious  thdt,  for  an  accurate  estimation, 
we  need  to  know  the  time  coui^  of  the  pressure  and  to  determine  the  integral  of  it. 

IntkA-VKNTBICULAH  PttESSUBE 

In  order  to  deterrainf  tb<'  time  curve  of  the  pressure  change,  a  manometer 
is  necessary  which  is  capable  of  following  exactly  the  changes  of  pressure 
without  distortion  by  inertia  of  moving  parts,  a^d  so  on.  The  first  approxima- 
tion to  such  an  instrument  was  made  by  Starling  and  myself  (1894),  and  the 
curves  we  obtained  were  very  similar  to  those  which  Piper  (1912,  2,  and 
1913,  2  and  3)  has  puhlislied  an  the  results  of  a  much  more  perfect  method. 
This  method,  also  an  optical  one,  is  described  in  the  first  of  the  papers 
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named.   Fig.  226  is  a  raprodoction  ol  a  nmuitaneoos  tracing  of  Intra^vaitnailar 


Fio.  2*26.   Pkksscre  curves  from  aoeta  (ctpeb  traono)  and  Lcrr  vzxtbicu; 
(liown  nuctato).— To  be  read  frmn  ri^t  to  left. 


NAt«  tlwit  th«  sortie  ftiwiiii  doM  not  be«!B  to  rlM  ontO  tlw  tnti«<veiitri«nlar  pmcnre  Im*  rimi  Co  tlw  Itvd  of  5;. 

The  \v,'i\c  .It  .9i  nti  till-  vcfilri  til.'if  riirM-  il*'*  in  (inn-  1»«'tivc«'ri  /T  and      I'f  tht-  ;i"rti'-  '-urvc. 

The  notch  J  of  the  aortic  cune  U  coneidcrably  later  than  the  beginning  (IF)  of  the  fall  of  presnire  io  Lb«  rentrKit. 

and  aortic  pressures,  and  Fig.  227  a  diagram  showing  tho  relatioiis  between 


Aorla 


Left  \ 

Lffi  \ 
amide  f 


FiQ.  927.   Curves  sbowiko  siMULTAKaoDs  vaAvan  of  prb88Vbb 

I  N    THK    AOKTA.   l.rFT   VKNTRU'IJ:,    AN  I'   LEFT   Al'RICLK,  IM 

oHi>t.K  J-KOM  AB<»vii  i><»\vN. — To  be  TtaU  trom  left  to  right. 

1,  Syetol*'  '>f  aurirlc. 

o,  f'lfvnir*'  of  iMiriiMilo  vriitricuUu: VJ|J»*. 

6,  Openini;  of  aoriii-  valve. 
8,  Sudden  fall  of  hitnt-ventrii-ulw  pranire. 

c,  Cloinire  of  ooitio  valve. 
4,  Slow  riae  of  prcagon  in  wiricle,  due  to  inflow  of  Mood  from  tke  vflia&  Thi* 

preMurc  fills  RgnlnMMOiiM  the  relaxed  ventricle  allom  blood  to  tntdt  tt 


(Xlter  Piper.) 


the  pressures  in  left  auricle,  left  ventricle,  aiid  aorta.    The  chief  points  to  be  noted 
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are  that  the  auricular  contraction  (I)  produces  only  a  slight  increase  of  pressure 
in  tlie  ventricle,  since  the  latter  ia  quite  lax.  As  the  Ti^tricle  contractu,  there 
is  a  small  rue  of  pressnre  in  the  auricle,  due  to  pressing  back  of  the  mitral  valve 
as  it  closes.    The  ventricular  pressure  rises  rapidly,  without  any  increase  in  aortic 

pres'^ure,  since  the  semilunar  valves  are  closed  by  the  greater  pressnre  in  the  aorta. 
As  s«*uii  as  the  intra- ventricular  pre.sisure  is  slightly  greater  than  that  of  the  aorta 
(at  6),  these  valves  open  and  the  aortic  pressure  rises  simultaneously  with  the 
further  rise  in  the  ventricular  pressure,  the  two  curv^  being  practically  parallel, 
until  the  ventricle  commences  to  relax.    Since  blood  is  flowing  from  ventricle  to 
aorta  during  tliis  period,  the  pressure  in  the  former  must  be  somewhat  higher  than 
in  the  latter,  and  we  notice  that  it  is  not  until  the  ventricular  pressure  lias  fallen 
somewhat^  at  the  line  c,  that  the  semilunar  valves  cl(rae,  marked  by  a  serie.*^  of 
vibrations  on  the  aortic  curve.  The  further  course  of  the  ventricular  pressure 
corve  is  independent  of  that  of  the  aorta.   The  significance  of  the  remaining 
points  marked  on  the  curve  will  be  found  in  the  description  of  the  fij^ures.  The 
actual   shape  of  the  top  of  the  ^entricu!ar  pressure  curve,  during;  the  time  of 
driving  blood  into  the  aorta,  varies  according  to  the  resistance  in  the  arterial 
system.   It  may  be  dome^haped  or  have  indwations  of  waves  on  it,  but,  on  the 
whole,  it  is  a  kind  of  plateau,  compared  with  the  rapid  rise  and  fall.    It  appears, 
then,  that  the  form  found  by  Chauveau  and  Marey,  and  confirmed  by  Bayliss  and 
Starling,  is  the  correct  one,  although  the  waves  are  somewhat  exaf?fjorated  in 
tlie&e,  especially  in  Chauveau  and  jMarey's.    The  more  or  less  sharp  peaked 
curves,  obtained  by  some  investigators,  are  due  to  insufficient  accuracy  of 
response  of  the  instrumental  method  used. 

There  is  no  diange  in  length  of  the  muscle  fibres  of  the  ventricle  until  nearly 
tho  full  lieight  of  contraction  is  reached.  Now  A,  V.  Hill  (page  a^'we) 
showeii  tiiat  the  maximal  e.vternal  work  is  obtained  from  skeletal  muscle  it  not 
allowed  to  shorten  until  the  full  state  of  tension  is  developed,  so  that  the  heart 
muscle^  works,  in  this  respect,  under  nearly  optimal  conditions.  Owing  to  the 
citryature  of  the  heart,  however,  it  is  clear  that  only  a  part  of  the  force  of  the 
contraction  is  exerted  in  the  direction  required,  namely,  inwards,  so  that  the  filwes 
act  at  a  considerable  mechanical  disadvantai^re. 

The  researches  of  Patterson  and  bturiiiig  (iijil)  show  that  the  work  done 
by  the  heart  is  determined  by  the  amount  of  blood  flowing  into  the  ventricles 
from  tiie  venons  side.  Up  to  a  very  high  rate  of  inflow,  the  power  of  raising  this 
volume  to  the  aortic  pres«iiire  is  fully  adequate.  The  limit  at  which  this  power  fails 
is  much  higher  than  had  been  supposed  from  previous  experimental  work,  in  which 
suthcient  venous  supply  was  not  provided.  Put  in  another  way,  the  energy 
produced  in  a  ventricular  contraction  is  in  direct  proportion  to  the  tmg^  of  t£e 
muscle  fibres  at  the  time  when  contraction  begins.  *tke»A  the  heart  muscle  obeys 
a  similar  law  to  that  of  skeletal  muscle,  in  which  we  saw  (page  443)  that  the  energy 
developed  is  in  relation  to  the  magnitude  of  certain  snrfaceg  in  the  fibres. 

Patterson,  Piper,  and  Starling  (1914^  show  in  more  detail  how  the  leni^iii  of 
the  muscle  libres  during  contraction  determines  the  output.  The  energy  of  each 
systole  is  proportional  to  the  preceding  diastolic  volume.  That  it  is  not  Uie  initial 
tension  that  c<^ntrols  the  force  of  contraction  is  shown  by  the  experiments  given 
on  p.  502  of  th»^  pap^r.  The  heart  of  the  tortoise  ohpy^  the  same  law  (Kozawa, 
1915),  which  is  capable  of  explaining  in  a  satisfactory  manner  all  the  facts  relating 
to  the  output  of  the  h^rt. 

The  fnnction  of  the  auricle  is  to  collect  sufficient  blood,  during  the  time  the 
auriculo-ventricular  valves  are  closed,  to  fill  up  the  relaxe<l  ventride^  when  the 
auricle  contracts  (sec  Gesell,  19 IG).  By  storing  up  blood  in  this  TOy,  distension 
and  rise  of  pressure  in  the  veins  i^^  prevented. 

The  Heart  Sounds 
The  heart  sounds  have  for  centuries  attracted  attention,  chiefly  owing  to 
their  use  in  clinical  diajjnosis.  Thos.  Lewia  (1913,  2),  bv  an  iniprovouieut  in 
the  raicr»)plione  method  of  Kmtiioven,  has  obtained  interesting  records  with  the 
string  galvanometer,  using  two  parallel  strings,  so  that  the  electrical  change 
of  the  muscle  can  be  recorded  at  the  same  time.  This  addition  to  the  instrument 
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Fl(i.  228.    Recukds  of  heakt  sor.NDS. — Taken  biiiiultaneously  with  the  carol  id  pulse 

and  t'lfctro-cartliogram. 
Uppemiont  cun"e,  clMtro-cnrrtiopnim  (I^ad  \\.\ 

Lowettt  <-urve,  nioveineiit!*  of  a  B«<.-ond  string  of  the  g&lvujometer,  connected  with  a  microphone  over  th* 

heart. 

A,  Nfiniml  record  from  the  dot'. 

The  carotid  |)\ilH«.i>i  inler^tOAetilietween  the  other  two.   Time  in  ,Vth  sec. 

The  cojitiniK'iw  veriitnl  Ime  marks  the  heifinninjr  of  the  ventricular  smitole,  the  (1otte<)  line  the  end, 

B,  Heart  fuiiuxlN  from  a  imtient  with  incomi<etent  mitral  valve,    "the  murmur  (ayitolic)  is  at  SM.,  of 

rapid  rate  of  vibration,  and  in  the  middle  of  the  ventricular  (<y»tolf, 

C,  FYom  a  case  of  inwrnpetent  aortic  valves,  (fiving  »  musical  munnur  during  the  whole  of  diastole 

(Lewii,  1913,  2,  Figs.  3,  15,  and  18,  Quart.  Jl.  of  Med.) 
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has  shown  itself  very  valuable  also  in  cutnparing  the  electrocardiograms  from 
different  leads.  Fig.  22ii  gives  three  records,  one  »  normai  record  from  the 
dog,  one  from  a  hmnan  patient  with  a  systolic  miteal  murmur^  due  to  escape 
•of  blood  through  the  imperfect  valve  during  systole^  and  a  third  in  which  there 
was  a  musical  murniur  during  diastole,  due  to  incompetence  of  the  aortic  \  alves. 

The  second  sound,  a  sharp  one,  is  cause<l  by  the  sudden  tension  put  on  the 
aortic  valves  they  are  shut  by  the  aortic  pressure  when  the  ventricle  begins 
to  relax.  The  first  sound,  of  a  scmier  and  more  prolonged  eharacter,  appears  to  be 
dne'to  two  causes;  on^  the  closure  of  the  auriculo-ventricular  valves,  the  other  the 
muscular  c<mtraction,  since  it  can  be  heard  in  the  excised,  empty  heart.  The 
pitch  of  thi<?  second  element  is  the  same  a.s  that  of  the  resonance  of  the  ear  passage, 
which  exaggerates  the  vibrations  which  correspond  to  its  own  period. 

RsLATioir  OF  Acnvmr  to  Oxtgin  Consuxptioh 

Some  facts  relating  to  this  question  have  been  already  given  (page  612). 
Tlie  woik  9f  Bohde  (1912)  and  of  Bohdeand  Nagasaki  (1913)  requires  a  little 

more  detail. 

In  oixier  to  be  able  to  control  the  conditions,  the  isolated  perfused  heart  (cat 
or  rabbit)  was  used  in  the  method  described  in  1910,  with  the  improvement  of 
placing  tiie  whole  in  a  thermostat.  The  object  was  to  determine  the  relation 
between  the  activity  and  the  chemical  clianges,  including  the  consumption  of 
oxygen  and  of  glucose,  the  production  of  carbon  dioxide  and  of  other  end  products. 

The  first  result  is  identical  with  that  of  A.  V.  Hill,  already  mentioned,  t>n 
skeletal  muscle,  namely,  that  there  is  a  direct  proportionality  between  the  oxygen 
oonsuroptioa  and  the  pressure  developed  in  isometric  contraction,  in  which  the 
volume  of  the  heart  does  not  change.  An  important  point  is  that,  although  the 
pulse  rate  is  consideral)ly  lower  at  15°  than  at  36',  the  oxygen  consumption  per 
inillimetre  pressure  dev»'lnpf«<l  is  the  same,  within  the  limits  of  experioiental  error, 
namely,  427-430  x  10  "  c.c.  of  oxygen.  This  fact  of  the  absence  of  temperature 
eifect  on  the  conversion  of  chonical  to  mechanical  energy  is,  no  doubt,  an 
important  one  from  the  point  of  view  of  energetics;  what  it  means  is  not 
clear,  althuugli  the  surface  energy  as  a    limiting  factor  "  is  indicated. 

From  the  work  of  Zuntz  and  his  co-workers  on  the  whole  aniinai  we  know 
that  we  can  convert  the  oxygen  consumed  into  its  equivalent  of  oxidised  food-stuff, 
in  the  proportion  of  calories  developed.  This  was  found  to  hold  in  the  heart 
The  ratio  oli  pressure  developed  to  calories  produced  by  oxidation  was  the  same, 
whether  glucose  with  a  respiratory  quotient  of  0*98,  or  the  "reserve  stuff"  <^  the 
heart  itself,  with  a  respiratory  quotient  of  0*80,  was  consumed. 
,  In  shorty  the  ratio  of  the  chemical  energy  of  oxidation,  or  calories,  to  the 
amount  of  pressure  developed  is  a  constant  number. 

To  olrtain  further  insight  into  the  mechanism  of  the  energy  change,  experiments 
were  made  in  which  the  heart  was  placed  under  abnormal  conditions,  naroti*  s, 
want  of  oxygen,  the  influence  of  muscarine,  of  veratrine,  etc.  It  was  found  tliat 
the  heart  muscle  worked  less  etiiciently ;  that  i.s,  less  pressure  was  developed  in 
pmportion  to  the  oxygen  consumed.  As  a  first  step  towards  the  anal^'sis  of  these 
results,  the  behaviour  of  the  heart  as  regards  di£ferait  food-stufb  was  investigated. 
When  glucose  was  present  in  the  circulating  Ringer's  solution,  the  carbohydrate 
was  consumed  along  with  certain  reserve  materials  present  in  the  cells  them.^elves. 
As  to  the  chemical  nature  of  tlicse  "  «erve  stuffs"  we  havr  little  infornmtion. 
There  is  no  evidence  that  protein  is  conMUuicd  in  niusculai  contraction,  in  fdct» 
the  experiments  of  Athanasin  and  Gradinesco  (1912)  seem  to  show  that  it  is  not. 
They  kept  the  excised  heart  of  a  frog  beating  normally  for  thirty-three  days, 
giving  alx)ut  360,000  beats,  in  Ringer's  solution  containing  glucose  and  oxygen 
only,  in  addition  to  the  salts.  Any  store  of  protein,  if  used  for  energy  purposes, 
must  have  been  exhausted  early  in  the  e.xpeiiment  If  any  was  used,  it  could 
only  have  been  the  minimal  amount  required  for  repair  of  the  machine.  See  also 
the  work  of  Evans  and  Matsuoka  (1915)  as  regards  the  relation  of  oxygen  con- 
sumption to  the  produetinn  of  energy. 

Roh'le  found  that  tlie  effect  of  adding  atropine,  or  adrenaline,  or  retarding 
oxidation  by  potassium  cyanide,  is  to  increase  the  consumption  of  glucose  and 
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(probably  as  a  secondary  effect)  to  diminijjh  the  relative  amount  of  reserve  material 
consumed.  The  .sugar  does  not  api)ear  to  be  completely  oxidised,  since,  especially 
under  the  action  of  cyanide,  organic  acids  and  aldehydes  are  formed.  The  effect 
of  increase  of  carbon  dioxide  is  interesting.  Here  there  is  no  evidence  of  abnoniial 
forms  of  oxidation  of  glucose,  and  yet  the  amount  of  pressure  produced  per  unit 
of  oxygen  consumed  is  enormously  depresse<l.  The  j)ressure  produced,  in  fact, 
falls  almost  to  zero,  yet  the  oxygen  consumed  continues  to  be  moi*e  than  half  that 
of  the  normal  period.  It  seems  that  the  chemical  proc©s.ses  go  on  normally,  but 
the  change  of  chemical  to  mechanical  energy  is  prevented  by  carbon  dioxide. 

The  experiments  of  Mines  (1913,  3)  have  .shown  the  importance  of  H"  ion  con- 
centration as  regards  the  spon- 
taneous beat  of  the  heart.  He 
finds  that  there  is  an  optimal  con- 
centration. Excess  may  abolish  the 
mechanical  change  while  the  elec- 
trical change  may  remain  intact. 
The  absence  of  Ca"  ions  has  the 
same  effect,  as  shown  in  Fig.  172 
(page  539). 

The  Origin*  of  the  He.\rt  Beat 

Whatever  may  be  the  impulses 
that  cause  the  heart  to  beat 
rhythmically  in  certain  inverte- 
brates, as  in  Limulus,  where  Carlson 
(1904)  showed  that  they  are  given 
off  by  ganglion  cells,  there  is  no 
doubt  that  the  heart  muscle  of  the 
vertebnite  is  capable  of  rhythmic 
}>eat3  in  the  absence  of  nerves. 
This  fact  is  shown  most  conclusively, 
perhaps,  by  the  experiments  of 
Burrows  (1912),  who  showetl  that 
bits  of  heart  muscle  from  embryo 
chicks  continued  to  beat  in  blood 
]>lasma  as  long  as  thirty  days,  and 
that  cells  wandered  off  from  the 
mass  and  continued  to  multiply. 
The  newly  formed  cells  then  com- 
menced to  beat  rhythmically. 
Similar  facts  are  described  by 
Margaret  R.  Lewis  (1915)  for 
skeletal  muscle. 

It  was  first  definitely  shown  by 
Gaskell  (1882)  that  all  'the  pheno- 
mena observed  in  the  hearts  of  the  frog  and  tortoi.se  are  to  be  explained  satis- 
factorily on  the  Ixasis  of  a  "  myo.^enic  "  origin,  that  is,  not  only  does  the  beat  arise 
spontaneously  in  muscular  cells,  but  also  the  conduction  of  the  excitation  from 
one  part  of  the  same  heart  cavity  to  another  part  of  that  cavity,  and  from 
one  cavity  to  another,  takes  place  by  nmscular  tissues.  A  portrait  of  Gaskell 
will  be  found  in  Fig.  229.  This  view  was  taken  up  by  Engelmann  on  the 
Continent,  and  powerfully  supported  by  his  work.  Now,  while  there  is  no 
difficulty,  as  far  as  muscular  continuity  is  concerned,  in  the  case  of  the  lower 
vertebrates,  it  was  believed,  until  the  work  of  Stanley  Kent  (1893)  and  of  His 
(1893),  that  there  is  no  mu.scular  continuity  between  the  auricles  and  ventricles 
of  the  mannnnl.  These  observers  showed  that  there  is  a  bundle  of  a  8{>ecial 
kind  of  muscle  fibres  at  a  particular  place,  putting  the  muscular  structures  of 
auricle  and  ventricle  into  direct  connection.    The  anatomy  of  the  *'  bundle  of 
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Fm.  22U.    Portrait  of  Gaskeix. 

(From  a  negative  by  V.  H.  Motti-am.) 
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His,"  fis  it  is  oallod,  was  further  worked  out  by  Tawara  (1906),  and  it  is  ;iluiij<^t 
univortiaiiy  accepted  now  that  the  transmmion  of  excitation  in  tlie  niainmalian 
heart  takea  plaice  by  means  of  this  museolar  bundle.  Kent  (1893  and  1914) 
deeeribes  another  conducting  path  between  the  right  auricle  and  the  external 
wall  of  the  right  ventri<  le  ;  but  its  importance  is  doubtful.  Laurens  (1916)  finds 
indications  of  (liffereatiatiun  into  special  ronJucting  paths  in  the  turtle. 

Tlie  cxist^'nce  of  nerve  tibrcj»  in  tlie  lieart  mui*cle  is  suthciently  accounteil  for 
by  the  vagus  and  syinpatiietic  supply.  Whether  there  is  any  kind  uf  transraisaiun 
by  a  nerve  network  seems  very  questionable;  the  lieart  beat  is  certainly  not 
initiated  by  periodic  discharges  of  ganglion  cells,  and  if  a  nerve  network  plays  any 
pjirt  in  the  transmission  of  excitation,  it  must  he  one  of  that  kiTic!  who've  existence 
haii  never  been  proved  in  the  hi^'}i»  r  animals  (see  pages  472-47H  above).  It  must 
be,  in  fact,  able  to  conduct  equally  in  all  directions.  Beats  can  be  obtained  by 
stimolation  at  any  point  of  the  heart  muscle,  and  auricular  beats  can  be  brought 
about  by  backward  transmission  from  the  ventride. 

As  was  shown  by  Giuskell,  the  automatic  rate  of  each  chamber,  when  it  is 
beating  by  itself,  is  slower  thnn  that  of  the  chamber  preceding  it  in  the  cardiac 
cycle.  Thus,  in  the  frog  and  tortoise,  the  rate  of  the  sinus  is  the  quickest,  tliat  of 
the  bulbw  dowest,  the  order  being  sinas»  auricle,  ventricle,  bulbus.  The  sinus  is 
therslore  the  **  pace-maker."  The  work  of  Schkimowitx  and  Chase  (1916)  localises 
the  actu^  spot  in  the  right  sinu-anricular  junction.  In  the  mammalian  heart  there 
is  no  separate  sinus.  Where  i^  then  the  "pace-maker"  ^  An  excellent  a<'<-ount  of 
the  history  of  the  work  on  this  question  wiii  be  found  in  the  paper  by  Thos.  Lewi.s 
(1913,  3).  The  main  facts  only  can  be  given  here.  Keith  and  Flack  (1907)  found 
traces  of  sinus  tissue  in  certain  parts  of  the  auricle,  es^cially  at  the  junction  of  the 
superior  vena  cava  with  the  right  auricle.  At  this  point  there  is  a  collection  of 
peculiar  rn?i'?cular  tissue  in  intimate  relation  with  the  nerves  enterin*^  the  heart. 
The  clearest  proof  that  the  normal  beat  arises  in  this  "  Keith-Flack  node  "  has  been 
given  by  Thos.  Lewis  (1910).  The  principle  of  the  method  used  is  simple, 
depending  merely  on  the  fact  that  muscle  in  excitation  is  electrically  negative  to 
that  at  rest.  By  taking  a  series  of  photographs,  with  the  string  galvanometer,  of 
the  electrical  effects  from  electrodes  plu'CM  on  various  points  of  the  auricle,  it  was 
«hown  tiiat  the  normal  beat  actuallv  commences  in  this  sino-auricular  nt»de.  This 
place  was  found  to  become  electrically  negative  before  any  other  place.  From  it 
the  ezdtataon  sprsads  in  all  directions.  Conflrmatoiy  evidence  that  the  beat 
takes  its  origin  here  is  afforded  by  the  effect  of  wanning  and  cooling  the  node, 
which  is  to  affect  greatly  the  rate  of  the  whole  heart,  whereas  similar  results 
cannot  be  obtained  from  any  other  part.  There  is  also  other  evidence,  although 
less  conclusive.  The  work  of  Sansum  (1912),  on  the  shortened  compensatory 
piuse  after  eztiapsystoles,  shows  that  the  sinoaoriealar  or  Keith-Flack  node 
behaves  like  the  sinus  of  the  frog. 

When  the  sino-auricular  node  is  put  out  of  action  in  any  way,  the  beats  ai-e 
initiated  by  a  point  in  the  auriculo  ventricular  bundle  of  His.  They  ;u  e  transmitted 
from  this  point  in  both  direction.s,  so  that  simultaneous  contraction  ot  auricle  and 
ventricle  results.  The  rate  of  discharge  of  this  node  is,  normally,  slower  tlian  that 
of  the  Keith'Flack  node,  so  that  the  latter  sets  the  pace.  Some  observations  by 
Cuahny  (1912)  suggest  tl.at  there  is  an  additional  cause  for  the  suhmdination  of 
the  auriculo-ventricular  node.  If  the  bundle  of  Hi«j  b»'  cut  acro«i«i  on  the  auricular 
side  of  its  node,  the  ventricle  is  cut  ot^"  from  the  imj.ulses  arriving  from  the  auricle. 
But  It  does  not  at  once  develop  its  own  rhytliiuj  and  Cushny  brings  evidence  to 
•how  that  the  node  is  normally  kept  in  a  state  of  diminished  excitability,  owing 
to  fatigue,  b\  rli  -  impulses  reaching  it  from  the  auricle.  A  similar  state  can, 
in  fact,  Ije  induced  by  artificial  stimulation  of  the  auriculo-ventricular  node,  and 
is  not  due  to  inhiljition. 

We  must  suppose  that  these  nodes  discharge  when  they  have  stored  up  home- 
thittg  to  a  sttificiently  high  decree,  and  that,  after  a  discharge,  they  are  incapable 
of  further  discharge  until  a  fresh  quantity  has  been  formed.  The  experiments 
of  Oaskell  on  the  effects  of  clamping  the  auriculo-ventricular  junction  >eem  to 
show  that  the  local  effect  nf  tlie  clamp  is  to  depress  the  rate  at  whi'  h  ♦^he  capacity 
of  the  tissue  to  contract  is  recovered.    When  the  clamp  is  grauually  closed,  at 
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a  certain  stage  it  is  foiin'I  that  the  ventricle  only  responds  to  every  second 
or  third  beat  of  the  auricle.  The  cause  aiust  be  at  the  part  clamped,  and  due 
to  the  fact  that  a  second  impulse  arrives  before  the  tissue  has  recovered  from  the 
previous  contraction.  It  u  not  easy  to  see  how  this  could  happen  if  the  tissue 
were  merdy  a  conductor  of  flxcitation,  since  mere  oonduetion  would  not  ieftve  the 
tissue  in  so  pronounced  a  state  of  inexcitability. 

Lewis  (U»15,  1)  gives  the  following  summary  of  the  courm  of  the  excitation 
wave  in  the  dog's  heart.  Starting  from  the  sino-auricular  node,  it  spreads  in  the 
auricle  in  all  directions,  finally  arriving  at  the  auriculo- ventricular  node,  where  it 
is  delayed.  It  then  passes  along  the  mmdle  ol  Porkinjo  tissue  and  is  distrihnted 
to  all  parts  of  the  ventricular  muscle  by  the  branches  of  this  tissue,  which 
conducts  much  more  rapidly  than  the  muscle  itself.  The  advantage  is  a  more 
simultaneous  contraction  of  the  whole  of  the  ventricle.  The  actual  conducting 
tissue  cousists  of  striated  muscle,  coutaiuing  laige  amountii  of  glycogen.  The 
following  aie  the  mtos  of  conduction  in  the  three  difibrent  tissues  concerned : — 

Fnrldnje  tissue        -         -   3,000  to  5,000  mm.  per  second. 
Auricular  muscle      -         •   1,000  mm.  per  second. 
Ventricular  muscle   •         •     300  to  500  mm.  per  second. 

In  the  toad,  Lewis  (1910,  2)  finds  that  the  excitation  spreads  along  the 

interior  of  the  ventricle  and  passes  oat  radially  to  the  surface.  The  general 
direction  of  travel  is  thus  from  base  to  apex,  but,  at  the  surface,  the  extreme  Itase 
is  usually  activated  somewhat  later  tlmu  the  apex. 

Elbctro^ardtooram 

ihe  electrical  change  in  the  heart  muscle  has  been  discussed  in  the  preceding 
chapter,  and  it  is  suthcient  to  refer  here  to  the  value  of  the  electro-cardiogram 
as  a  method  of  investigation.  We  have  seen  above  how  it  waa  used  to  determine 
the  sit«  of  the  pace-maker,  and  it  is  of  equal  value  in  detecting  irr^gulariUes  of 
transmission  from  amide  to  ventricle,  especially  as  they  occur  in  diaoaaa 

The  Coronary  Cikculation 

The  hearts  of  the  higher  vertebrates  have,  as  would  be  expected,  effective 
means  of  supply  of  oxygen  b^  arteries  which  arise  from  the  commencement  of 
the  aorta.  The  factors  which  influence  the  flow  through  this  coronary" 
drculation  liave  l»een  investigated  by  Markwalder  and  Starling  (1913),  using 
the  method  of  Morawitz  of  introducing  a  canula  into  the  coronary  sinus.  Tliey 
found  that  the  lu'art  is  insutliciently  supplied  with  oxvc5*m  if  the  aortic  pressure 
is  lower  than  about  90  mm.  of  merc]iry,  an  important  tact  to  be  remembered  in 
experimental  work.  The  most  pot^t  agents  in  increanng  the  rate  of  flow  are 
non-voIatUe  metaholites  produced  by  the  heart  musde  itself  in  its  activity.  These 
substances  are  present  in  considerable  amount  in  asphyxia ;  in  fact,  Ae  maximum 
circulation  through  the  coronary  vessels  is  just  >v  h»  n  the  heart  fails.  Adrenaline 
causes  dilation,  probably  by  its  action  in  increasiug  the  rate  and  strength  of  the 
beats.  The  amount  of  blood  flowing  through  the  coronary  vessels  is  very  con- 
siderable, much  more  than  had  been  supposed  by  previoua  worken.  We  shall 
have  occasion  to  return  to  the  question  of  the  action  of  metabolites  on  blood 
vessels  later.  Since  their  conc<;ntration  becomes  so  much  greater  in  asphyxia,  it 
seems  that  they  are  such  products  of  activity  as  ai*e  normally  removed  in  oxidation 
processes :  lactic  acid  naturally  occurs  to  the  mind.  The  products  of  partial 
combustion  of  carboliydrates,  as  in  Rohde's  experiments  (page  678  above),  may 
also  play  a  part  We  have  seen  (page  611)  that  the  anaerobic  producta  of  cell 
metabolism,  however,  are  not  nec^saiily  the  same  as  the  intermediate  products 
of  normal  oxidation. 

MbTHODss  of  iNVBSTIGATrON 

In  recording  the  movements  of  the  heart  cavities,  each  for  itself,  the  myo- 
cardiograph  of  Cushny  (1910,  1)  is  very  useful.    For  determining  the  intra* 
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▼entncnlar  or  aortic  pressure,  Piper's  modificfttion  of  Frank's  apparatus,  already 
referred  to,  is  the  most  aocnrate.  The  changes  in  volame  of  the  heart  are  followed 

_i_Jlili 


Fio.  230.  Ewnct  or  YAoas  sriNULATioir  upox  the  AuaiciriiAii  BSAts  IWD  vpox 

HKABT  BLOCK. 


I'ppcr  tracinir.  ventricle  of  turtle,  «t  rMt  o«4n(  to  |WMMice  ol  damp  OH  MirkMlo*veatrimtbr  groom 

Lower  tracing,  auricular  beat«. 

The  effect  of  vagus  stimulation  at  B  is  to  slow  the  aarioohrityttHlli  Wid  tlwotNooaiacttiy  tiMiiO  heM^ 

tTMMmt  the  wftve  of  exdtetioa  to  tlw  ventricle. 
At  At  witb  iVMlMT  ftimttlatlon,  ivhcn  tlio  nio  to  umSNtad,  bal  the  itNQgfb  dimlnbbed,  tlw  ventrlde  nouilDi 

OtTClt. 

(Gwrey,  1912,  p.  466.) 

by  .some  form  of  plethysmogtaph,  such  as  the  glass  cardiometer  of  Jerasalem  and 


Fio.  831.    EfFEcrr  0»  VAOUS  on  conpuctiox.— The  ventricle,  owing  to  auriculo-ventrteitUr 
'clamp,  follows  only  each  altptn.itif  '>ent  of  the  nuricl*'.    Stimnlati«»n  of  the  vagus  causes 
complete  block,  together  with  diminution  in  si;ie  oi:  auricular  beats,  without  change 
of  rat«. 

(Garrey,  1912.  p.  464.) 


Starling  (1910).  The  output  of  blood  may  be  recorded  by  the  method  described 
by  lahikawa  and  Starling  (1912). 

Tbs  Nbrvous  Bboulatiost  of  thb  Heart  Beat 

IMhUion* — The  discovery  by  the  brothers  Weber  of  the  fact  that  the  heart 
can  be  stopped  by  stimttlation  <^  the  peripheral  ends  of  the  vagus  nerves  was  of 

such  fundamental  importance  tluit  a  few  words  as  to  its  liistorv  are  requirtd. 
It  was  at  the  meeting  of  Italian  bcientific  Investigators  at  Naples  in  1645 
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that  Ernst  Heinrirh  Wel>er  made  the  announcement  that  he,  with  his  brother 
Eduard,  had  found  this  to  take  place.  As  Tigerste<lt  (1893)  remarks,  a  new  kind 
of  nervous  action  was  brought  to  light,  of  which  previously  theie  had  been 
scarcely  any  idea,  an  action  which  could  never  have  been  discovered  by  anatomical 
observations  alone.  A  nerve,  which  supplied  a  muscle,  was  stimulated,  and 
instead  of  strengthening  or  accelerating  the  movements  of  the  muscle,  they 
were  slowed  or  stoppe<l  altogether.  The  original  communication  is,  unfortunately, 
publishe<l  in  an  Italian  medical  journal  dirticult  of  access  (OnKxlei's  AnnaVi  di 
Medicina).  But  in  1846  Eduard  Weljer  wrote  an  article,  "  Muskelljewegung," 
for  Wagner's  "  Handworterbuch  der  Physiologic,"  which  included  an  account  of 
the  work.  It  was  found  that  stimulation  of  the  vagus  nerve  inhibited  the  heart, 
not  only  in  the  frog,  but  also  in  fish,  birds,  the  cat,  dog,  and  rabbit.  It  is  well 
to  transcribe  the  words  used :    "  Eine  auf  das   Mannichfaltigste  abgeiinderte 

lleihe  v»»n  Versuche,  welche  ich 
gemeinschaf tlich  mit  meinem 
Bruder  Ernst  Heinrich  aufgefiihrt 
habe,  hat  uns  zu  der  Entdeckung 
gefuhrt,  dass  durch  Reizung 
der  Nervi  vagi  oder  der  Him- 
theile,  von  dem  sie  entspringen, 
das  Tempo  der  rhythmischen 
Bewegungen  des  Herzens  ver- 
langsamt  und  sogar  das  Herz  ganz 
zum  Stillstajid  gebracht  wird" 
(p.  42). 

Since  the  work  of  the  Webers, 
a  large  numl^er  of  investigators 
have  taken  up  the  question  of  the 
action  of  the  vagus  on  the  heart, 
but  we  do  not  yet  know  what  the 
nature  of  inhibition  is.  The  prob- 
lem has  been  discussed  in  some 
preceding  pages  of  the  present 
work  (pages  418-427).  I  wish  here 
to  draw  attention  to  some  aspects 
of  it  as  affecting  the  heart,  refer- 
ring the  reader  to  the  article  by 
Ga.skell  (1900)  for  further  details 
up  to  the  date  of  the  article. 

As  Gaskell  pointed  out  ( 1882  and 
1884),  the  action  of  the  vagus  is 
shown  under  four  aspects,  the  names  of  which  are  due  to  Engelmann  (1899) : — 

1.  On  the  rate  (** chnmotropic "),    This  effect  is  shown  in  Figs.  113  (page 

405)  and  230. 

2.  On  the  strength  of  the  beat  ("inotropic").    Shown  in  the  auricular 

tracing  of  Fig.  231. 

3.  On  the  capacity  of  the  muscle  for  conducting  excitation  ("dromotropic  "). 

Shown  for  the  turtle  in  Fig.  231,  and  for  the  dog  in  Fig.  232 
(sec  the  descriptions  of  the  figs.). 

4.  On  the  excitability  to  direct  stimulation  ("  bathmotropic  ").   Mac  William 

showed  that  the  heart  nmscle,  in  some  cases,  is  inexcitable  under 
vagus  stimulation  (see  page  407  above). 
How  far  these  different  effects  are  aspects  of  the  same  fundamental  change  is  not 
definitely  known,  but  it  seems  probable. 

In  the  mammal,  Cokn  and  I^ewis  (1913)  have  shown  that  the  left  vagus 
has  more  effect  on  the  junction  between  auricle  and  ventricle  than  the  right 
one  has.  On  the  other  hand,  the  right  nerve  affects  production  of  impulses  in 
the  auricle  more  than  the  left  one  does.  The  facts  are  of  interest  in  connection 
with  what  we  have  seen  as  to  the  facts  of  im[)ulse  formation  in  the  sino-auricular 


Fig. 


232.    Actios  or  VAors  on  coNDrcrios  from 
AURICLE  TO  VENTRICLE.— Dog's  heart. 


Upper  cun  e,  beats  of  ventricle. 
Lower  curve,  l>e&tit  of  aiiriole. 
UpiKjr  sijfnaJ,  tttiinulation  of  ^aipis. 

Middle  fli^nialf  artiUcial  stimulation  of  auricle  by  single  ahO':ka, 

five  per  «*ecoiid. 
Lower  9i(fi>Al.  time  in  seoonds. 

Before  the  stintulation  of  the  vai^ix,  the  ventricle  followii  each 
auricuKar  beat,  with  an  occasional  oniis-tion. 

Durintf  •tiuiulation  of  the  vajfus,  it  re9]>onda  to  each  alternate 
l>eat  onlv  :  Nhowint;  that  the  conductin^f  |iower  of  the 
liasue  ia  imiiaired. 

(Bayliss  and  Starhng,  180-J.  2.) 
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node,  together  with  the  conducting  function  of  the  tissues  in  which  the  auriculo- 
"ventricular  nwle  is  situated.  The  former  is  at  the  mouth  of  the  superior  vena 
<3ava,  and  the  latter  at  the  opening  of  the  coronary  sinus,  which  are  the 
representatives,  respectively,  of  the  right  and  left  ducts  of  Cuvier  of  the  embryo. 
Thus,  the  right  and  left  vagi  act  preferentially,  each  on  that  structure  with 
which  it  would  naturally  be  expected  to  be  in  morphological  relationship. 

Cohn  and  Lewis  are  of  opinion  that  these  results  favour  the  view  that  the 


1 


Fk;.  233.    Action  of  accelerator  nerves  in  improving  coNDUcnoir.  ' 

I'pper  curves,  ventricle  beats.  Lower  curA  cn,  auricle  beats. 

1,  Vent  ri<'Ie  stiiimlated  at  the  rate  niarked  by  the  iowest  signal,  namely,  22  (ihocks  in  five  serondj. 
The  auricle  dot-s  not  fcillow  until  the  acceUraton*  are  8tiniu]ate<l  as  shown  by  the  ton 
signal.  At  the  end  of  the  tracing  the  artificial  stimulation  of  the  ventricle  is  sto|tj>«i, 
and  the  nonnal  rate  of  tbe  beat  w  seen  (17  in  five  seconils).  Time  in  seconds  ^dven  by 
the  middle  sij^nal. 

S,  At  the  t»ejrinning  the  natural  rate  of  the  heart  beat  is  seen  (14  in  five  secomls).  rhiring  the 
period  shown  by  the  middle  siinial,  the  auricle  was  stimulated  at  a  rate  of  '1^  iti  five 
seoonds.  The  \entricle  Is  unable  to  follow,  until  the  accelerators  are  stimulated  (top 
sitTfial).    Time  ki  •iecon«ls  by  bottom  eit^naU  - 

(Bayliss  and  Starling,  1892,  2.) 

particular  aspects  of  vagus  action,  obtained  reflexly  by  Engelniann,  depend  on 
the  particular  attributes  of  the  tissue  in  which  the  fibres  end,  rather  than  on 
different  functions  of  the  same  muscle. 

Thos.  Lewis  (1914)  further  finds  that  the  effect  is  more  profound  upon  the 
auriculo-ventricular  node  than  upon  the  sino-auricular  node. 

Some  important  conclusions  as  to  the  mo<le  of  action  of  the  vagus  on  the 
ventricle  are  to  l)e  drawn  from  the  work  of  Mines  (1914)  on  the  frog's  heart. 
Jt  is  shown  that  atropine,  applied  to  the  sinus,  eliminates  the  action  of  the  vagus 


Digitizeo  lj  v^j 


686         PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


on  the  rate  of  the  beat,  while  the  effect  on  tlie  auriculo-ventrieular  junction  ami 
the  ventricle  remain.  In  these  conditions  the  vagus  decreaties  the  rat€  of  trans-  ^ 
mission  from  auricle  to  ventricle,  and  diminishes  the  dunfcion  of  the  state  of 
excitation  in  the  muscle  fibres  of  the  ▼entricle.  This  is  associated  with  weakening 
of  contraction  in  all  parts  ot  the  vmtricle,  and  not  with  failure  of  some  of  them  to 
p:et  excited  at  all.  This  diminution  of  tluration  of  excited  state  by  th*^  vairi,*. 
ex[»lains  why  it  changes  the  sign  of  the  tinai  T-wave  in  the  electro-cardiograui,  n 
we  atiniit  that  the  negativity  of  the  base  indicated  by  this  wave  is  due  to  thegreatet 
duration  of  the  excitatory  state  at  the  base  than  at  the  apex.  The  action  d  Ihe 
yagus  being  more  powerful  at  the  base  than  at  the  apex,  it  has  the  etifect  of 
rerkicing  the  duration  of  the  excited  state  at  the  two  to  approximnto  equality, 
and  thus  tends  to  produce  a  simple  diphasic  eliect.  The  application  of  atr<»pine 
to  diliereiit  parts  of  the  ventricle,  by  which  the  vagus  ending's  are  paralysed 
locally,  confirms  the  conclusions  arrivea  at. 

AugtwiiUn-  Xfj'ves.-'TMka  smooth  muscle,  the  heart  is  supplied  with  two  kinds 
of  nerve  fibres,  inliiljitory  and  excitatory.  The  lattor  were  discovered  by  Von 
Bcwid  (1863),  and  their  existence  proved  in  a  convincing  manner  liy  Vun  Bezold 
and  Bever  (1867).  A  tracing  of  their  effect  on  the  heart  of  the  toad  is  given  in 
Fig*  114  (page  406).  In  general,  it  may  be  said  that  the  efl^t  of  the  aooelarnlBr 
nerves  is  exercised  on  the  nte  and  the  strength  of  the  beat,  and  on  the  conducting 
power  of  the  muscle  and,  in  all  cases,  in  an  opposite  direction  to  that  of  the 
vaLrn*;  Fii;.  233  shows  tlip  itnprovf»ni»^nt  of  conduction.  Increase  of  excitabii^ 
has  not,  so  far  as  I  am  aware,  been  demonstrated  directly.  ! 

These  nerves  arise  from  the  sympathetic  system.  Their  antagonistic  relation  ' 
to  the  vagi  has  been  discussed  above  (page  407).  ' 

Reflexes  to  Heart  Kerves. — Both  the  vagus  and  accelerator  nerva  CMt  be 
excited  rettexly.  Tt  is  not  yet  definitely  known  whether  there  is  recipmcal 
xnuervation,  such  as  that  of  the  vasomotor  reflexes,  in  the  reflexes  to  the  iieart. 
Whether,  ftn-  instance,  when  reflex  slowing  of  the  heart  is  produced,  there  ia, 
along  with  excitation  of  the  vagi,  inhibition  of  tone  of  the  accelerator  eenln. 
Bainbridge  (1914  and  1915)  finds  that  reflex  acceleration  of  the  h^rt  is  prodoead 
bv'  inhibition  of  vai:;us  tone,  together  with  excitation  <>f  accelerators,  but  could  finH 
no  evidence  of  inhibition  of  accelerator  tone  in  reflex  slowing.  Possililv  thert* 
was  no  tone  in  the  accelerator  centre,  although  the  heart  was  apparently  beating 
at  a  maximal  rate.  This  may,  however,  have  been  from  its  own  pace-makWi 
when  relieved  from  vagus  control. 

The  heart  reflexes  are  closely  interconnected  with  those  to  the  blood  vesssl% 
and  further  facts  with  regard  to  them  will  be  referred  to  along  with  the  latter. 

THE  BLOOD  VESSELS 

Exact  investigation  of  the  phenomena  of  the  circulation  was  impossible  until 
Ludwig  (1847)  invented  the  graphic  method  of  recording  blood  pressure.  Hjs 
portrait  will  be  found  in  Fig.  234. 

Thb  Pulsb  Wave 

Owing  to  the  necessity  of  tiie  puu»])  being  rliylhuiically  active,  the  fact  that 
the  blood  vessels  pu^sess  elastic  walls  has  considerable  importance.  .Since  the 
blood  cannot  pass  through  the  arterioles  as  rapidly  as  it  is  driven  into  the  aorta, 
if  the  arteries  Were  rigid  and  unable  tO  accommodate,  tenipoi-arily,  the  excess  of 
blood  tlriven  in  l)v  the  contraction  of  the  heart,  it  is  plain  that  the  efficient 
action  of  the  heart  would  he  put  to  great  strain,  owing  to  the  incfimpressibility 
of  the  blood.  Moreover,  much  less  blo<^»d  could  be  expelled  at  each  beat.  The 
result  of  the  stretching  of  the  arterial  wall  by  the  heat  of  the  hearty  owing  to  the 
elastic  reaction  when  tiie  aortic  valves  are  closed,  is  to  convert  the  rhythmic  flow 
from  tlic  heart  into  a  continuous  one  through  the  capillaries. 

A  furtlier  necessary  incidental  result  of  the  elasticity  of  the  arterial  wall  is 
the  puUe  wave.    As  the  first  portion  of  the  system  is  distended  by  the  blood,  it  j 
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tends  to  close  again,  having,  in  fact,  a  certain  period  of  vibration.  This 
distension,  therefore,  disappears  at  one  point  and  passes  on  to  the  next  at  a  rate 
depending  on  this  period  of  vibration.    Details  of  the  form  of  the  pulse  wave 


Fio.  23*.    Portrait  of  Carl  Lcdwio. 


have  not  sufficient  general  interest  to  warrant  description  here,  although  thev  huxe 
considerable  practical  importance,  as  indicating  states  of  the  heart  and  bloo<l 
vessels.  It  must  be  clearly  understood  that  the  wave  of  distension  travels  al<»ng 
the  arteries  at  a  much  faster  rate  than  the  bl(xxl  current  itself.  That  the 
progression  of  a  wave  is  independent  of  the  current  of  the  fluid  it.self  is  well 
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shown  by  observing  a  sea-gull  floating  on  a  fairly  calm  sea.    It  will  be  seen  that 


it  merely  rises  and  falls  as  the  waves  pass  under  it,  without  any  change  in  ita 
position  otherwise. 

Hiirlhle  (1912  nnd  1913)  believes  that  he  has  found  evidence  that  there  is  an  active 
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'Contraction  of  the  arteries  at  the  l«lter  part  of  each  syf^Uilic  WAve,  so  that  the  blood  i« 
forced  onwards  by  it.  On  the  assumption  that  the  rate  of  the  cnrrent  of  blood  through 
a  certain  length  of  artery  is  proportional  to  the  difference  of  pi-essurt-  l>et\ve<'ri  the  two 
«ndB,  it  was  found,  under  certain  conditions,  that  the  rate  of  the  current  was  grcaUr  towards  , 
the  end  of  the  systolic  part  of  the  pulse  wave  than  oorrespcmded  to  the  diflerenoe  of  pressure 
«t  this  time.  It  also  !ft.iti-<l  that  the  ampHtudf  of  the  pulse  wave,  instead  of  decreasing 
towards  the  peripberv',  as  it  does  in  the  dead  animal,  is  increased  in  the  living  animal, 
cepeoiaUv  when  the  blood  Tessels  are  oonstrioted.  The  interpretation  of  the  facts  is  diffioolt^ 
and  furtnt  r  in\ e*tipati()ri  is  n<|nired.  There  is,  of  f <»urse,  the  popsibility  that  the  muscle 
<of  the  arterial  wall  may  respond  to  distension  by  a  contraction,  as  that  of  the  earthworm 
Mod  the  frog's  Btomaoh  does  (page  436).  This  idea  is  supported  by  some  observations  by 
Carl  Tigerstt'dt  (1013),  who  foiiiul  an  >  1(  trital  thnnge  in  the  carotid  artery  with  t-ach  heart 
hetA.  The  direction  of  the  deflection  was  tiuch  as  to  imply  that  the  el^trode  nearest  the  heart 
tieoMM  negative  before  the  mote  distant  one  (see  below,  *'  Reactions  to  Ouuogee  of  Pkessaze**). 
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,  The  nature  of  this,  as  conditioned  by  the  internal  friction  of  the  bl(X)d,  hm  been 

«xplained  above  (pages  241-2-12).    The  blood  of  the  dug  has  a  viscosity  about 
fi^  times  that  of  water.   How  &r  changes  in  this  property  occur  in  physiological  • 
«onditioDS  and  their  effect  on  the  blood  pressure  have  not  received  much  attratton. 
According  to  Burton-Opitz  (1911),  the  viscosity  of  normal  bhxwl  is  much  higher  ' 
than  that  of  defil)rinated  blood.    Deep  narcctsis  with  ether  increases  the  viscosity, 
which  falls  again  as  the  naix'osis  in  diminished.    Carbon  dioxide  also  increases 
the  viscosity;  hence  venoiia  blood,  in  addition  to  the  eflfect  of  loss  of  water, 
lias  a  slightly  hij^er  viscosity  than  arterial  blood.   The  viscosity,  also,  &s  would 
^ye  expected,  increases  with  the  number  of  corpuscles  per  unit  volume ;  and  that  * 
w       of  laked  blood  is  less  than  that  of  the  same  blood  before  lakiug.    Of  course^ 
Aiilution  of  the  blood,  as  happens  after  loss  of  bluod,  has  a  considerable  effect  In 
reducing  the  internal  friction  (see  also  Denning  and  Watson,  1906). 

Tlie  general  effect  of  the  existence  of  the  peripheral  resistance  is  to  enable 
the  heart  to  produce  a  high  arterial  pressure,  with  the  advantages  as  regards 
Tegulntion  of  blood  supply  to  organs  following  tlierefrom,  as  already  pointed  out. 
It  is  scarcely  necessary  to  say  that  the  peripheral  lestistauce  mubt  nut  be  stated  to 
,  be  the  cause  of  the  blood  pressure,  which  is  due  to  the  energy  produced  by  the 
tnnscnlar  contractions  of  the  heart. 

The  Volums  of  thb  Blood. 

Dreyer  and  Ray  (1910,   1911)  have  shown  that  the  volume  of  the 

blood  in  mammals  is  proportional  to  their  surface,  that  is  to  the  f  power 

of  the  weigiit,  multipliefl  by  a  constant  for  each  species  of  animal.     I).  T. 
Harri"  (1920)  has  investigated  the  methods  ttsod  for  estimating  this  vohiine, 
-especially  that  of  the  dilution  of  a  known  volume  of  a  non-diffusible  dye  injected 
•      Into  a  vein. 
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Since  the  vascular  system  is  a  closed  one,  it  is  clear  that  the  more  blood  there 
is  in  anyone  part,  the  less  there  must  be  io  the  remaining  parts.  The  amount  of 
blood  driven  out  by  the  heart  in  each  beat,  that  is,  the  amount  sent  through  the 
organs  to  supply  them  with  oxygen,  etc.,  depends  on  the  amount  present  in 

its  cavities  in  diastole,  so  that  if  there  is  nnv  accumulation  anywhere  in  the 
periphery,  the  circulating  blood  is  decreased  and  the  blood  jjreiisure  fnils.  This 
would  be  very  marked  if  the  enormous  capacity  of  the  capillaries  were  increased 
by  some  means,  although  the  fact  also  plays  a  part  in  ordinary  vasomotor  eflfects^ 
as  a  so-called  "capacity"  effect.  Consideration  of  the  capacity  factor  roust  not 
be  overlooked  in  repaid  to  its  effect  on  blood  pres'^ure  whenever  vascular  con- 
striction or  dilatation  occurs.  The  importance  of  thi«<  factor  force  !  itself  into 
attention  in  the  "  wound-shock  "  of  the  late  war,  and  led  to  the  u.'»e  ut  transfusion 
of  blood  or  gum-saline  in  order  to  compensate  for  the  blood  held  up  in  the  capillacr 
region,  dilated  by  toxic  products  from  injured  tissues  (see  Bayltss,  191t$,  and 
page  706  belovr). 

TiiE  Rboulation  of  Blood  Supply 

* 

If  the  arterioles  of  an  organ  are  caused  to  dilate,  the  volurno  of  tlic  blood 
flowing  through  the  organ  is  increased,  and  the  pressure  in  the  cHpillaries 
raised.  Coincidently,  the  peripheral  resistance  is  decreased,  so  that,  it  the 
region  in  which  the  dilatation  occurs  is  a  considerable  fraction  of  the  whole 
oiieulation,  the  aortic  pressure  fttlls,  unless  the  heart  beat  is  increased  to  com- 
pensate for  it, 

Methods  of  Investigation. — ^Tn  order  to  measure  the  state  of  the  circulation  in 
an  organ,  we  may  take  tracings  of  the  changes  in  its  volume,  due  to  greater  or 
less  distension  of  its  blood  vessels,  by  some  plethysmographic  method. 

In  this  method  the  orean  is  enetoMd  in  an  air-tight  box,  provision  bein^  msde  that 

the  nerves  and  hlood  vessels  art-  nut  compressed,  and  the  interior  of  the  K  ix  u  connected 
to  some  inalrument  which  records  by  its  movooient  the  aroouDt  of  air  sent  into  or  removed 
from  the  reoorder  as       ornn  alters  in  volume.   It  has  been  saggested  that  ehaoges  in 
g  ii  t  il  venous  presHur    v,  nHd  interfere  with  the  correct  intcrpretAtion  of  the  rcsnlts.  In 
actual  fact,  it  nas  been  found  that  experimeuls  by  the  plethysmographic  method  and  by 
detaminatiou  of  the  aetoal  rate  of  flow  df  blood  eive  the  same  results.   Of  coane,  due  aoooont 
must  be  takon  of  changes  in  the  gonerul  arterial  prosjaure,  which  alters  the  rate  nf  flow  apart 
from  local  changes.    If,  for  example,  along  wiiU  tall  iu  arterial  preMure,  the  organ  ilecreaaea 
!n  Tolume,  no  information  is  obtained  as  to  any  active  changes  in  the  blood  vessels  of  the 
organ  itself.    But,  if  the  organ  expands  with  a  fall  of  arterial  pressure,  no  other  interpretation 
possible  than  that  its  blood  vessels  have  actively  dilated.    If  the  organ  oontrocu,  with 
a  fall  (rf  arinial  pressure,  we  oannot  draw  the  conclusion  tl»t  local  vaso-dilatation  is  absent* 
heoaaaeit  may  be  too  small  to  eoi'ntfrAct  the  eOwt  of  the  general  fall  of  pressure  in  dninin^ 
awy  blood.    When  a  secretory  giand  or  the  kidncv  is  investigates!,  cue  regai  1  must  be 
taken  to  the  increase  of  volume  pcoduccd  by  the  tluid  turned  into  the  duci^     But  this 
method  oaooot  fUstinguish  between  arterial  and  capillary  dilatation  (Dale  and  Richards, 
1918). 

The  second  mcthixi  is  one  in  which  the  blood  flow  from  the  vein  of  an  organ 
is  estimat-ed.  If  it  conies  in  drf>[)s,  they  are  allowed  to  fall  on  to  a  lever  which 
actuates  a  signal,  electric  or  pneumatic.  If  more  copious,  it  may  be  meaaui^d  in 
a  "tipper,"  snch  as  that  described  by  Condon  (1913),  or  in  a  fliphoQ  oatflow 
recorder,  such  as  that  of  Ishikawa  and  Starling  (1912)  or  of  Ounn  (19 13). 

Details  of  various  niethfxls  will  he  found  in  Frank's  article  (1913). 

Vasomotor  Xn-vs. — The  supply  of  the  smooth  muscle  of  the  arterioles  bv 
both  excitatory  and  iniiibitory  nerves  ha^j  been  referred  to  above  (page  403)  in 
the  seneral  discussion  of  excitation  and  inhibition. 

The  name  vasomotor"  should  be  applied  t  >  l>oth  dasses,  since  both  Wring 
about  mov(^ment  of  the  vessel  wall.  Ck>nfusion  is  sometimes  caused  by  osinK 
"vasomotor  "  as  equivalent  to  "  vasoconstrictor  " 

The  first  clear  protii  of  the  existence  of  vasoconstrictor  nerves  was  atlorded^ 
independently,  by  Brown-S^uard  (1852)  and  by  Claude  Bernard  (1852).  They 
lomid  that  the  bl<x)d  vessels  in  the  refiplon  supplied  by  the  cervical  sympathetic 
nerve  were  constricted  when  the  peripheral  end  of  the  nerve  was  excited. 
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Fig.  235  is  a  copy  of  a  pictui*e  by  Lhermitte  in  the  Luxenilxnirg  Gallery  in  Paris. 
Claude  Bernard  is  shown  demonstrating  to  friends  and  pupils  this  effect  on  the 
ear  of  the  rabbit;  at  least,  this  api>ears  to  be  the  nature  of  the  experiment.  At 
a  later  date  (1858)  Bernard  proved  the  existence  of  vaso-dilulur  nervei;  by 
stimulating  the  chorda  tympani  nerve,  and  observing  the  gi'eatly  increased 
outflow  from  the  vein  of  the  submaxillary  gland.  The  reader  may,  iverhaips,  find 
Fig.  236  of  interest  in  connection  with  the  great  physiologist. 

Most  of  the  organs  of  the  IxKly  have  been  shown  to  have  a  supply  of  both  vaso- 


SlGNATUKE  OF  ClaI  DE  BkKNARD. 

(From  a  reprint  sent  to  Carl  Ludwig.) 


Fio.  23r>.    Statue  or  Claude  Bernard  is  Paris. 

constrictor  and  vaso  dilator  nerves.  Fig.  110  (page  403)  shows  the  dilatation 
produced  in  the  tongue  of  the  dog  by  the  lingual  nerve  and  the  constriction 
produced  by  the  cervical  sympathetic  nerve.  Fig.  109  (page  402)  is  a  copy  of  the 
figure  by  lletzius  of  the  nerve  plexus  around  arterioles. 

Although  nearly  all  the  organs  of  the  lx)cly  are  thus  supplied  with  vasomotor 
nerves,  it  is  remarkable  that  no  experimental  evidence  of  a  .satisfactory  nature 
has  been  brought  to  show  their  presence  in  the  brain  (see  Bayliss  and  Hill,  1S95). 
It  appears  that  the  central  nervous  system  is  of  such  injportance  that,  when 
more  blood  is  required  by  it,  this  blood  has  to  be  providetl  by  rise  of  arterial 
pressure,  produced  by  vaso-constriction  in  the  rest  of  the  organism. 
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The  coronary  arteries  of  the  heart  are  probably  in  a  similar  position.  But 
here  there  appears  to  be  no  need  for  constrictors,  since  the  heart  is  always  at 
work,  and  increased  supply  is  automatically  provided  by  rise  of  aortic  pressure 
and  by  the  great  sensibility  of  the  coronary  vessels  to  the  metabolites  produced 
by  the  heart  in  contraction. 

For  some  time  the  supply  of  vaso  constrictors  to  the  lungs  was  in  doubt. 
Bradford  and  Dean  descril>ed  their  presence,  Brodie  and  Dixon  denied  it.  Fuhner 
and  Starling  (1913)  and  Macht  (1914)  finally  proved  it  by  the  action  of  adrenaline. 

Space  does  not  permit  of  details  of  the  anatomical  origin  of  the  various  Supplies 
to  individiial  organs.  These  will  be  found  in  my  article  (1906,  3),  and  in  the  papers 
quoted  there.    The  vaao-constrictors  are  all  contained  in  the  sympathetic  outflow, 

as  described  by  Gaskell.  The 
vaso-dilatorshaveamorevaried 
origin,  especially  from  cranial 
and  sacral  visceral  systems.  The 
question  of  the  existence  of 
vaso-dilators  in  the  sympa- 
thetic has  been  discussed  above 
(page  428).  Further  discussion 
will  be  found  in  the  paper  by 
Hartman  (1915).    The  fall  of 
blootl  pressure  produced  under 
some  conditions  by  small  doses 
of  adrenaline  is  perhaps  the 
strongest  evidence ;  but  there 
is  something  peculiar  about 
this  fact,  because,  according 
to  Hartman's  experiments,  the 
dilator  effect  is  confined  to 
peripheral  vessels,  absent  from 
the  splanchnic  area. 

The  remarkable  nature  of 
the  vjvso-dilator  supply  to  the 
limbs,  skin  of  the  trunk,  and, 
probably,  of  the  ears  and  face, 
and  of  the  intestine  requires 
mention.  Strieker  had  de- 
scribed vascular  dilatation  in 
the  foot  of  a  dog  when  he 
stimulated  the  peripheral  ends 
of  dorsal  roots  in  the  sacral 
region,  but  the  statement  was 
not  generally  accepted  until 
my  work  (1901,  2),  on  account 
of  the  apparent  contradiction 
of  the  law  of  Bell  and  Magendie  (Fig.  237).  I  showed  that  the  fibres  concerned 
have  anatomical  relationships  similar  to  those  of  the  ordinary  sensory  fibres,  and 
appear  to  be  identical  with  them.  T  suggested  that  there  miglit  be  a  peripheral 
nerve  network  around  the  arterioles,  common  to  both  sensory  fibres  and  vaso- 
dilator nerves.  This  view  was  confirmed  by  the  work  of  Ninian  Bruce  (1910). 
Starting  from  the  fact  that  paralysis  of  sensory  nerves  by  cocaine  prevents  the 
application  of  oil  of  mustard  from  causing  inflammation,  he  showed  that  the 
inflammation  produced  by  this  irritant  is  due  to  an  axon  reflex  to  the  arterioles. 
It  is  unaffected  by  mere  section  of  the  nerve  trunk,  but  disappears  if  the  nerve 
fibres  are  allowed  to  degenerate.  Thus  a  sensory  fibre  has  a  vaso-dilator  branch 
to  an  arteriole,  and,  when  the  receptor  organ  is  stimulated,  the  nerve  impulse,  as 
it  reaches  the  branch,  piisses  along  it  and  causes  dilatation  of  the  arteriole  (see  the 
diagram  of  Fig.  145,  page  474).  It  will  be  noted  how  the  four  classical 
characteristics  of  inflammation — heat,  pain,  redness,  and  swelling — fit  in  with 
pain  from  the  sonsory  component,  heat,  redness,  and  swelling  from  the 


FlO.  237.     VaSO-DILATATIOS  n»  TH»  LBO  out  8TTMri.ATTON 

,  OF  THE  FIRST  SACRAL  DORSAL  ROOT. — Nine  days  after 
removal  of  the  spinal  cord  from  the  second  lumbar 
segment  downwards,  leaving  intact  the  dorsal  root 
jjanelia.  The  ventral  roots  were  completely  dcgener- 
ateKiand  inexcitable. 

Upper  tracing,  Mood  prewure. 

Lower  trai-injr,  volume  o(  the  hind  \cg. 

The  upi>er,  Btraijrht  line  >«  the  zero  of  the  blood  pr*«jure. 

The  lower,  si^al  line  marks  the  duration  o(  Htimulation. 

(Dayliss,  1901,  2,  p.  191.) 
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vascular  dilatation.  There  are  also  vaso  tlilfttors  to  the  intestine  in  the  dorsal 
roots  (Bayliss,  1902,  3). 
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Fig.  238.    V'-xsomotou  rkfi.exks. 

Upper  curves  in  each  fig.,  volume  of  intestine  of  cat,  reconletl  l>y  pletliy^niotn'^l'li-    t't^'l  indicates  artorial 
constriction. 

Lower  curves,  arterial  prcuure  in  aorta.    )Icrciiry  nianonietor.   The  initial  noniial  height  waa  00  nini. 

mercury.    Each  division  of  the  scale  represents  2  mm.  of  niercur>  change  of  pretsure. 
Upper  siirnal,  time  in  ten-second  intenals. 
Lower  i<i|^al,  stimulation. 

1,  Stimulation*,  three  in  numl>er,  of  the  central  end  of  the  median  nerve.   Rise  of  blood  pressure,  caused  by 

peripheral  constriction,  as  shown  by  the  volume  of  the  iruotine. 
8,  Stimulation  of  the  central  end  of  the  va(f\w  (do|>ressorX     Fall  of  blood  preswtirc,  cau»e<l  liy  i>eriphiTal 

dilatation  (increase  of  volume  of  the  intestine). 
8,  Similar  to  previous  curve.    Showin^r  effect  of  more  prolonge<l  stinuilation  in  producini;  (H'rmarient  fall  of 

blood  prewure,  probably  owing  to  secondary  effect  of  amentia  on  the  heart. 

The  relation  of  these  ant'idromio  impulses,  as  T  called  them  on  Langley's 
suggestion,  to  herpes  has  been  indicated  above  (pafje  290).  Affections  of  the 
Gasserian  ganglion  may  also  Ix:  mentioned. 
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It  is  found  in  some  cases  that  a  nerve,  which  ordinarily  causes  vaso-constriction, 
may,  after  certain  drugs  such  as  ergotoxine  (see  the  paper  by  Dale,  1906),  produce 
dilatation  in  the  same  region.  The  obvious  explanation  is  that  usually  given, 
namely,  that  the  nerve  contains  both  kinds  of  fibres,  and  that  the  constrictoni 
are  paralysed  by  the  drug.  Some  eflfects  of  this  kind  have  been  discussed  above, 
and  it  was  pointed  out  that  the  possibility  of  the  effect  of  the  constrictor  fibres 
l>eing  reversed  by  the  drug  has  not  yet  been  definitely  excluded. 

Vasomotor  Ji^Jlexes. — General  peripheral  constriction  or  dilatation  can  be  pro- 


FlO.  2?J9.  EXCTFATION  OF  VASO- 
CONSTRICTORS IS  PRLSSOR  REFLEX. 

Unicr  curve,  volume  of  hind  leg  of  c»L 
Ixiwer  curve,  arterial  pre«?ure.    Zero,  20 
nun.  below  time  »i^al. 

The  vajio-ililator  supply  was  cut  off  by 
previouK  Miction  of  the  ftpinal  cord  in 
th«-  middle  of  the  lumbar  rtv>oii :  that 
t^  on  the  craniai  nde  of  the  outflow  of 
I  hese  nerve*. 

The  central  end  of  the  median  nerve 
(preMMir)  wa»  stimulated  at  the  tlni« 
indicated  by  the  upper  signaJ. 

(Bayliss,  1908,  2,  Fig.  6.) 


Fio.  2-10.  Inhiiiitiom 

or  VASO-DILATOR 
TONE  IN  PRESSOR 
REFLEX. 

Upper  c»jrve,  arterial  pret- 
-tire.  Zero,  30  mm.  below 
time  sifrnal. 

Lower  curve,  volume  of 
i-xtemal  ear  of  rabbjt. 

Vano-coiKlrictor  supply  cut 
f>ll  by  section  of  the 
M  mpothetic  nen  e  in  the 
neck. 

A  ri»e  of  blood  preMrare 
occurs  when  the  central 
end  of  the  median  nerve 
ie  stimulated.  This  ii 
accon>panie<)  by  diminu- 
tion in  volume  of  the 
ear,  although  the  onlv 
vaKoniotor  nerves  len 
were  dilators. 

Further  details  t«ill  be 
fouml  in  the  paper  given 
below. 

(Baylisn,  1908,  2, 
Fig.  6.) 


duced  retfexly,  with  rise  or  fall  of  arterial  pressure.  There  is  one  nerve,  called  the 
depressor,  which  always  causes  a  fall  and,  under  ordinary  conditions,  all  other 
sensory  nerves  cause  a  rise.  But,  in  certain  states  and  modes  of  stimulation, 
reflex  fall  of  blood  pressure  can  be  obtained  from  the  latter.  This  fall  appears  to 
be  due  to  a  genuine  vaso  dilator  reflex  (Ranson  and  Billingsley,  1916,  3  and  4),  the 
afferent  impulses  travelling  by  a  special  path  (see  below). 

The  depressor  nerves  werer  discovered  by  Cyon  and  Ludwig  (1866),  who  found 
that,  in  the  rabbit,  there  is  a  branch  of  the  vagus  which  proceeds  to  the  heart  and 
consists  of  afferent  fibres  from  this  organ.  When  the  central  end  of  this  nerve 
is  stimulated,  with  the  main  trunk  of  the  vagus  intact,  a  slowing  of  the  heart 
beat  is  caused,  accompanied  hy  a  fall  of  blood  pressure.    That  the  fall  of  blood 
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pressure  is  not  entirely  due  to  the  cardiac  inhibition,  was  shown  by  the  fact 
that  it  was  still  present  when  the  vagus  nerves  were  cut,  and  no  change  in  the 
heart  beat  occurred.  Fig.  127  (page  423)  is  a  typical  form  of  depressor  curve 
in  the  rabbit  with  vagi  cut.  The  fall  of  blood  pressure  is,  in  fact,  produced  by 
general  vaso-dilatation  in  all  organs  of  the  body  which  are  supplied  by  vasomotor 
nerves.  Fig.  238  shows  that  it  occurs  in  the  intestine,  and  Fig.  120  (page  412) 
that  it  occurs  in  the  leg. 

The  peripheral  receptor  ends  of  the  depressor  nerve  are  situated  not  only 
in  the  heart  but  in  the  arch  of  the  aorta,  and  its  function  appear^  to  be  to  protect 


Fnj.  241.    Excitation  of  vaso- dilators  in  DF.rRF^soR  reflex. 

Arterial  pressure  in  cat,  upper  curve.   Zero,  33  mm.  below  time  si^al. 
Upi^er  "iivml  line,  drops  of  blowl  from  vein  of  siilitiiaxillary  gland. 
Middle  iii(fTial,  Htimulalion  of  central  end  of  va(n>>- 
Lower  isi|;nal,  time  in  two-8econ<l  intervals. 

Cervical  sympathetic  ettt,  ko  that  the  i;land  waji  Minplied  with  vam-dilntor  fibre*  In  the 
chorda  t\ni|vini  nerve,  and  these  were  the  only  va«oniotor  nerves  present. 

The  flrtit  part  of  the  fall  of  i»rei»ure  is  acconipantc-<l  by  vascular  dilatAtion  in  the  f^land, 
shown  by  the  more  rapid  ouccession  of  drojw.'  The  later  continued  fall,  after 
ceai>inir  the  stimulation,  is,  no  doubt,  duo  to  failure  of  the  heart  from  insutlicient 
blood  bupply,  and  not  to  peripheral  dilatation. 

(Bayliss,  1908,  3,  Fig.  1.) 

the  heart  from  too  great  a  rise  of  blootl  pressure.  "We  see  in  Fig.  106  (page  386) 
how  it  is  excited  at  each  heart  beat,  but  it  has  been  found  ilifficult  to  show 
experimentally  that  a  rise  of  aortic  pressure,  produced  otherwise  than  by  each 
heart  beat,  stimulates  it.  In  most  mammals  the  depressor  fibres  are  contained 
in  the  trunk  of  the  vagus,  and  it  is  not  always  possible  to  obtain  their  effect  apart 
from  the  opposite  pressor  effect  of  the  ordinary  sensory  fibres  in  the  vagus  trunk. 
In  the  cat  the  left  vagus  usually  acts  as  a  depressor  nerve  only. 

Fig.  238  gives  instances  of  a  reHex  rise  and  a  reflex  fall  of  arterial  pressure, 
and  the  plethysmograph  curve  of  the  intestine  shows  that  the  rise  is  produced 
by  a  peripheral  vaso-constriction  and  the  fall  by  dilatation. 

Now  we  have  seen  that  there  are  both  constrictor  and  dilator  fibres  leaving 
the  central  nervous  system,  so  that  there  must  be  centres  from  which  they  arise. 
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It  has  long  been  known  that  there  is  a  particular  part  of  the  bulb  which  acts  as 
centre  for  the  former,  although  it  is  probable  that  what  is  called  the  "  vasomotor 
centre  "  is  rather  a  nerve  tract  containing  fibres  from  scattered  centres. 

Ranson  and  Billingsley  (191(5,  2)  find  that  localised  stimulation  of  a  region  of  the 
fovea  inferior  in  tlie  floor  of  the  fourth  ventricle  causes  vaso-constiiction,  while  that 

of  a  region  of  the 


Fio.  242.  Similar  experiment  Xa)  that  of  Fig.  241,  but  on  the  ralihit, 
the  central  end  of  the  depressor  nerve  it«elf  being  stimulate*]. 

There  is  very  little  fall  of  blood  pressure,  owing  to  the  u»e  of  a  mercury 
compensating  arrangement. 

(Bayliss,  1908,  3,  Fig.  7.) 


area  postrema^ 
lateral  totheoWx, 
causes  vaso-dilata- 
tion. 

Porter  and 
Turner(  1915)  hold 
that  there  are  dis- 
tinct centres  for 
vascular  reflexes, 
and  for  mainten- 
ance of  vascular 
"  tone." 

-  The  afferent 
spinal  path  for 
depressor  reflexes 
lies  in  the  lateral 
column  in  the 
same  position  as 

the  spino  thalamic  tract,  but  its  fibres  do  not  ascend  beyond  the  bulb  (Ransoo 
and  Billingsley,  1916,  3).  The  afferent  path  for  pressor  reflexes  is  in  the  tract 
of  Lissauer.  The 
fibres  follow  the 
same  course  as 
the  protopathic 
pain  fibres  of 
Head  (Hanson and 
Billingsley,  1916, 

It  b  evident, 
then,  that  reflex 
V  a  8  o  -  constriction 
ordilatation  might 
each  be  produced 
in  two  ways  ;  the 
former,  either  by 
excitation  of  the 
constrictor  centre 
or  by  inhibition 
of  tone  in  the 
dilator  centre, 
supposing  such 
tone  to  be  present; 
the  latter,  by 
excitation  of  the 
dilator  centre,  or 
by  inhibition  of 
tone  of  the  con- 
strictor centre, 
supposing  it  to  l)e  in  a  state  of  tonic  excitation. 

In  early  work  on  vascular  reflexes,  the  existence  of  vaso-dilator  nerves 
was  not  taken  account  of,  so  that  the  i>eripheral  dilatation  produced  from 
the  depressor  nerve  was  ascribed  by  Cyon  and  Ludwig  to  inhibition  of  the 
constrictor  centre.     In  1893,  in  the  course  of  investigations  with  this  nerve. 


Fio.  243.    Vasci  i.ar  dilatation  in  thf,  hind  limb  by  excitation 
or  dilators. — Alxlominal  sympathetic  cut. 

n,  Volume  of  hind      of  do^. 

A,  .Arterial  preMure. 

p,  Si^fnal  ni^kin^  stimulation  of  central  end  va^i. 

B,  Time  in  seconds. 

Coincident  with  the  fall  in  arterial  nressnre,  due  to  the  denre<v>r  fibres  in  the  vajjii*, 
there  is  dilatation  of  the  limu,  althoUi;h  there  were  no  va90-«ou8trictorB  whoM 


tone  could  i>e  inhibited. 


(Fofanov  und  Chalussov.) 


oogle 


I 


THE  CIRCULATION  OF  THE  BLOOD  697 

I  found  that  the  phenomena  were  not  to  be  satisfactorily  explained  on  this 
view  alone,  and  suggested  (page  317)  that,  both  in  pi-essor  and  in  depressor 
reilexes,  inhibition  of  the  one  centre  is  associated  with  excitation  of  the 
opposite  one. 

Ostroiiinov,  working  with  Heidenhain  (1876),  had  already  expressed  the  view 


Fm:.  244.  Exporimont  similar 
to  that  of  thu  preceding 
figure. 

Upper  curve,  volume  o(  hind  te^of  <io^. 
Lower  cur^e  arterial  preuurc.  Zero, 
23  mm.  helow  signal. 

Sij^nal  markfi  stimulation  of  central 
pn«l  of  va;fU9. 

Time  in  ten-second  interval!}. 

The  reflex  dilatation  ohtaine<l  after 
section  of  the  vaHO-ronHtrictt)r*  iti 
the  alMinniiiial  Muipathctio  can  he 
aboliMhe<l  hy  !tubj*e*|m'nt  section  of 
the  spinal  conl  at  the  wcond  himhar 
nerve,  hy  which  operation  the  con- 
nection of  the  vaso-dilators  with  the 
centre  b  severed. 

•    (Riyliss,  1902,  3,  Fig.  7.) 


Fns.  245.    Diagram  of  the  arranoe- 

.MENTS  OF  VASO.MOTOR  REFLEXES. 
A,  Muscle  cell  of  arteriole. 

D,  Vnso-dilator  nerve-flhre  terminating  on  and 
inhibiting;  its  natural  tonus. 

C,  Vxw-constrictor  fibre  also  ending  in  A,  but 
exciting;  it. 

These  two  kinds  of  fibres  arise  from  the  dilator 
centre  (D.C.)  and  the  constrictor  centre  (C.C.) 
respectively. 

F,  AfTerent  depressor  flbre,  dividini;  into  two 

branches  (or  collaterals),  one  of  which  (-) 

inhibits  the  constrictor  centre,  while  the  other 

(-f  )  excites  the  dilator  centre. 
R,  Pre<*«or  fll>re  of  onlinary  senior*'  nerve,  causing 

rise  of  arterial  preMure  by  excitini;  C.C  and 

inhibiting  D.C. 
a,  b,  e,  d,  The  resj>ective  synap*^  of  these  br.Atichea 

with  the  efferent  neurones. 
The  probable  intenuedi^te  neurones  are,  for  the 

sake  of  simplicity,  omitted. 

(Bayliss,  19()8,  2,  Fig.  27.) 


that  the  reflex  dilatation  in  the  skin  vessels  produced  by  the  depressor  nerve 
is  due  to  excitation  of  vaso  dilator  fibres,  but  it  does  not  seem  to  have  occurred 
to  these  and  subsequent  investigators  that  both  excitatory  and  inhibitory  actions 
are  concerned.  After  Sherrington's  work  on  the  reciprocal  innervation  of  skeletal 
muscle,  I  took  up  the  question  again  (1908,  2),  and  showed  that  this  mode  of 
innervation  applies  also  to  vasomotor  reflexes,  although,  of  course,  the  phenomena 
are  complicated  by  the  fact  that  lx)th  the  centres  and  the  efl'ectors  can  In?  excited 
or  inhibited.     There  are  thus  four  cases  to  be  considered,  which  must  be  done 
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Fin.  246.    Loves  refi.exks. 

A,  TpiHT  iMirvo.  Mool  prewiirc. 

l/nviT  I'urvf,  volume  of  iii>|H'r  |«art  of  \\\\v\  lo^  of  ilokj. 

At  the  Mipial.  the  ofntrnl  en<l  of  the  «loriahN  j»e<li»  nerve  of  the  Name  leg  was  Btiniulated,  caucinf  i 

ulijrht  fnll  of  l>loo<l  preiMure.  with  niarke<l  dilatation  of  the  le^r. 
Not*  th»t  the  usual  ellecl  of  a  aeiisory  nerve  is  to  cause  reflex  vasoconstriction  In  the  body  ^nenUlj. 

C,  rj»i>er  curve,  blood  prewire. 

Lower  ctirve,  rtroim  of  lilcxxl  falling;  from  cut  femoral  vein. 

At  the  titrnal  the  central  end  of  the  anterior  crxirnl  nerve  of  the  same  lejr  was  stimulated.  A  rise  of 
liKx»d  prc-^snre  i*  steen,  at"<'oiiij«nie<l  by  dilatation  of  the  letf.  F'ijf.  23i>  »how8  that  utimulation 
of  a  MMiMiry  nerve  from  another  region,  namely,  the  median  of  the  arm,  causes  vaao-coiistnction 
in  the  le^f    TIUh  fact  in  nUn  lihown  in 

r.  l^pi>er  curve.  v*olun>e  of  hind  limb  of  tlojc. 

Ixvwer  curve,  blooil  prf»«ure.  . 
N  a«M|ilatop«  cut  ofI)<>  *cction  of  the  lumbar  ami  sacral  dorsal  roots. 
At  the  sijrnal,  the  centnil  end  of  the  median  nerve  w.v  stimulated. 
The  rise  of  pressure  is  ne-connMnie*!  by  corjstriction  in  the  Icj;. 

D,  Same  e\|>eriment,  but  instead  of  the  nie^lian  nerve,  the  :^ntral  end  of  a  Mnaor}'  root  of  the  l«ff 

area,  namely,  the  sixth  lumliar  d^rml  root,  was  8timulate«L 
Aviun  there  is  the  u«ual  rise  of  general  blood  pre<«ure,  but  the  vessels  of  the  Itnih  itself  dilate 
»'^>n»iderably. 

This  e\|>erimcnt  shows  that  in  the  Lov^n  reflex  there  i«  inhibition  of  constrictor  tone,  and  the  proof 
i«  jriven  in  Fijr.  9  of  my  i<nper  of  I'A^i,  3,  thai  the  dilators  are  excited,  so  that  recijirocal 
innervation  holds  in  this  case. 

•  (Cand  D  from  Bayliss,  1908,  2,  Fig.  8.) 
698 
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briefly  here ;  for  further  evidence  the  reader  is  referred  to  my  two  papers 
(1908,  2  and  3). 

In  pressor  reflexes  we  have  rise  of  arterial  pressure  prwluced  by  contraction 
of  peripheral  vessels.  This  is  due,  mainly,  to  excitation  of  the  constrictor  centre, 
which  sends  impulses  causing  the  smooth  muscle  of  the  arterioles,  already  in 
a  state  of  moderate  tonus,  to  contract  still  more.  Fig.  239  shows  that  this  takes 
place,  l>ecause  the  le^f  was  supplied  only  by  vaso-constrietors,  the  dilators  having 
been  cut.  Figs.  240  and  124  (page  416),  however,  show  that  constriction  can 
be  detected  in  pressor  reflexes  when  the  organ  under  investigation  is  supplied  only 
with  dilator  fibres.  In  such  cases  it  must  be  due  to  the  fact  that  the  muscle 
of  the  arterioles  was  kept  in  a  state  of  inhibition  by  impulses  from  the  dilator 
centre,  and  that  the  afferent  impulses  which  excite  the  constrictor  centre  also 
inhibit  the  dilator  centre,  thus  removing  the  tonic  inhibitory  influence  on  the 
blood  vessels,  and  allowing  them  to  return  to  their  normal  state  of  tone.  It 
is  to  be  remembered  that,  as  is  pointed  out  by  Sherrington,  inhibition  cannot  be 


Fio.  247.   ErracT  of  stryc  nyisE  m  coxvETiTiNa  the  devkessor  fall  in  tub 

RAltBIT  INTO  A  RISE  i)K  PRESSURE. 


The  first  stiiiitilation  U  of  the  normal  nene. 

A  dose  of  strychnine  was  ^\en  between  each  stimulation 

The  tall  ia  tfradu'^Hy  a>x>Ii«hed  and  its  place  taken  hy  a  rise. 

(Bftyliss,  1908,  2,  Fig.  15.) 

detecte<l  unless  there  is  tonic  excitation  to  be  removed.  It  is,  in  fact,  only  in 
certain  states  favourable  to  tonic  vascular  dilatation,  such  as  high  temperature 
of  surroundings  and  high  blood  pressure,  that  it  is  possible  to  detect  inhibition 
of  dilator  tone,  apparently  on  account  of  the  absence  of  tone  in  ordinary 
conditions  (see  also  Fig.  248  below). 

When  we  turn  to  depressor  rejiexes,  we  fin<l  it  quite  easy  to  show  that  the 
constrictor  centre  is  inhibited.  Fig.  120  (page  412)  shows  this,  since  the 
dilators  had  been  cut.  Excitation  of  dilators  is  shown  in  the  case  of  the  chorda 
tympani  nerve,  which  contains  no  constrictor  fibres,  in  Fig.  241.  Since,  however, 
this  nerve  contains  secretory  fibres,  which  might  be  supposed  to  l^e  excited  from 
aflferent  fibres  in  the  vagus  nerve,  although  no  secretion  was  observed,  objection 
might  l>e  taken  to  this  interpretation.  Metabolitt-s  might  be  formed  by  the  cells, 
and  these,  as  we  have  seen,  cause  dilatation  of  the  blood  vessels.  Fig.  242  is, 
therefore,  more  convincing,  l^eing  the  reflex  from  the  depressor  nerve  of  the 
rabbit,  which  cannot  be  hold  to  cause  reflex  .secretion. 

Fofanov  and  Chalussov  (1913)  have  confirmed  these  results,  and  show  that 
vaso  dilatation  in  the  tongue,  the  nasal  mucous  membrane,  and  the  legs  occurs 
when  the  central  end  of  the  depressor  is  stimulated,  although  the  vaso  constrictor 
supply  has  been  cut  off*.  Fig.  243  is  a  copy  of  one  of  their  curves.  The  case 
oi  the  leg  is  interesting,  as  I  had  already  pointetl  out  (1902,  3,  p.  292),  on  account 
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of  the  fact  that  no  dilators,  other  than  the  dorsal  root  fibres,  can  be  detected, 
so  that  these  must  l)e  excited  from  the  centre  in  an  opposite  direction  to  thar 
which  would  be  c<msidered  to  he.  the  normal  one.  Fig.  244  is  from  au  experimeni 
of  ray  own,  also  showing  this  fact. 

Martin  and  Mendenhall  (1915)  have  .shown  that  there  is  vaso  dilatation  in  th<» 
nasal  mucous  membrane  when  the  depressor  is  stimulated,  although  the  vas»> 
constrictors  were  cut. 

In  Fig.  245  a  diagram  of  the  connections  of  the  two  va-somotor  centres  is 
given ;  this  may  assist  in  following  the  somewhat  complex  state  of  affairs. 

Sherrington  (1913,  2,  p.  93)  interprets  these  phenomena  as  Iwinij  allic*<l  U>  the  p»»<.tanl 
tonus  of  skeletal  niu.scle,  Tlio  automatic  tonus  or  the  arterial  wall  i.s  postural  as  regards  tb-- 
contained  hhxxl.  As  it  is  only  under  special  conditions  that  flexor  tonus  can  be  obtained,  so 
it  appears  that  tonus  of  the  va^-dilator  centre  is  not  usually  to  be  detect«d. 


Fig.  248.    Vaso  con- 
striction  by  inhi- 

BlTIoy    OF  r)ILATi)Il 

T  o  s  E.  —  Kar  of 

rabbit.  Sympathetic 
cut. 

L'pjter  curve,  voluuie  of  ear. 

Lower  curve,  l)lood  preatture. 

At  the  Biirnal.  the  central 
eri<l  of  tlie  median  nerve 
wa-s  stinmlateii.  There 
was  only  a  sUjfht  rise  of 
blood  pVeiwure,  h«cau*e 
the  animal  hod  heen 
cvisicprated.  Coijstri'-Jioii 
of  the  ear  is  shown,  pre- 
ceded by  slitfht  dilatation. 

(BaylisH,  1908,  2, 
Fig.  22.) 


FlO.  249.  I.VIIIBITION  oK 
DILATOR  TONE  CONVER- 
TEl»  BV  STRYCHMNK  INTO 
EXCITATION  OF  DILATOlU. 

Same  exi>erin)ent  as  in  Fi^.  24S, 
but  n(t«^r  the  injection  of 
strychnine. 

Stimulation  of  Xhe  median  uerve 
caused  dilatatinn  of  the  ear, 
aooompAuied  by  a  slight  f.-ill 
of  arterial  preatture. 

(Bavliss,  1908,  2, 
*Fig.  23.) 


Lovhi  Refl^xei*. — An  interesting  form  of  local  vascular  reflex  was  first 
described  bv  Lovea  (1866).  When  the  central  end  of  the  great  auricular  nerve, 
the  sensory  nerve  of  the  ear  in  the  rabbit,  was  stimulated,  it  was  noticed  that, 
although  vaso  constriction  was  pnxluced  in  other  organs,  in  the  ear  itself  vh*> 
dilatation  occurred.  A  similiir  efTect  was  obtained  in  the  leg.  Fig.  246  gives 
two  tracings  of  this  latter  effect.  It  appears,  thus,  that  an  active  organ  may 
bring  about  a  better  blood  flow  to  itself,  not  only  by  raising  the  general  blood 
pressure,  but  by  a  local  vasodilatation.  I  showei-l  that  double  reciprocal 
innervation  holds  also  in  these  reflexes  ( 1 902,  3,  p.  292,  and  190{*,  2,  pp.  351-353) ; 
since  it  appears  that  the  dilators  to  tlie  ear  are  probably  antidromic  in  natun* 
(see  Bayliss,  190G,  3,  p.  330),  we  have  evidence  of  another  case  of  reflex 
stimulation  of  dorsal  root  sensory  fibres. 
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The  usual  ej^'ect  of  strychnine  in  converting  iuhibition  into  excitation  is  bhown 
in  Fig.  247  to  apply  tx>  the  Tasomotor  centres.  In  this  figure,  the  efleet  of 
^rsduaUy  increasing  doses  in  converting  the  depressor  fall  into  a  rise  is  seen.  In 
the  further  analysis  of  tlio  action  of  this  drui?  I  met  with  inexplicable  re-snlts, 
until  T  reali«exl  that  it  must  convert,  not  only  the  inhibition  of  the  constrictors 
into  an  excitation  in  depressor  reiiexes,  but  also  that  of  the  dilator  centre  in 
pressor  reflexes.  Thus  the  vaao^lilatora  may  be  €xcUed  in  a  pressor  reflex  after 
atrychnine,  and  one  obtains  conversion  of  constriction  b^  inhibition  of  dilator 
tone  into  dilatation  by  excitation  of  the  dilator  centre^  as  shown  in  Figs.  248 
and  219. 

The  opposite  ej/'kct  of  chloro/trrm  ia  well  shown  in  Mathison's  curve  (Fig.  128, 
page  428,  and  in  Fig.  129). 

The  question  of  the  nature  of  the  antomatie  tone  in  the  wuomoior  eeniret  has 
been  touched  upon  ab«jve  (page  546). 

It  is  well  known  that  a  con«?iderfthle  rhe  of  arterial  pressure  occurs  in  asphyxia, 
and  we  have  referred  to  Matliisoirs  results  on  the  action  of  asphyxial  products  in 
an  earlier  pa^e  (page  bo2).  The  experiments  of  SoUmann  and  Pilcher  (1911) 
may  be  added.  They  find  that  the  asphyxial  stimttlation  of  the  bulbar  ymn- 
motor  centre  is  due  to  carbon  <lioxide,  and  is  absent  if  accumulation  of  this  acid 
is  prevented,  although  oxvgen  absent.  We  rnnv  regard  it  as  possible  that  the 
normal  stinmlation  of  the  centre  is  brought  about  by  the  carbon  dioxide  tension 
of  the  bloo<i,  Hke  that  of  the  respiratory  centre. 

Chemical*  RegtUaiion  ^  the  Mood  Flow. — ^The  appropriate  sensibility  of  the 
blood  vessels  to  the  products  of  the  activity  of  cells,  by  which  an  automatic  vaso> 
<lilatati«  tn  is  caused,  haa  been  referred  to  in  speaking  of  the  coronary  circulation 
(page  680).  The  importJince  of  the  action  of  metabolites  in  '^his  respect  was  first 
•clearly  realised  by  Gaskeil  (1880,  pp.  66-70).  As  acid  products,  and  especially 
carbon  dioxide,  are  the  usual  results  of  cell  metabolism,  it  is  natural  to  look  lor 
direct  evidence  of  the  effect  of  increase  of  hydrogen  ion  concentration.  Oaskell 
showed  that  lactic  acid  produces  decrease  of  tone,  and  I  showed  later  (1901,  1) 
that  carbon  dioxi  li'  lias  the  sam*^  pffcrt.  The  work  of  Hooker  (1011-1912)  con- 
firmed these  retjults,  and  was  extended  to  the  action  of  other  substances.  It 
should  also  be  mentioned  that  Severini  (1876-1881)  had  already  described  dilata- 
tion of  0f4>illarie8  carbon  dioxide  and  constriction  by  oxygen.  The  fixed  acid 
products  come  diieny  into  play  in  deficiency  of  oxygen  supply,  as  in  asphyxia,  or 
when  oxygen  is  consumed  at  a  rapid  rate  in  great  activity  of  the  cells.  Hooker 
showed  that  oxyi?pn  and  also  calcium  ions  increase  vascular  tone,  and  that  carbon 
dioxide,  urea,  sodium,  uud  potassium  ions  decrease  it.  Schwarz  and  Lemberger 
(1911)  found  that  the  injection  of  1  cub.  cm.  of  0*001  mdar  hydroohlorie  acid 
into  the  central  end  of  the  left  subclavian  artery  caused  obvious  dilatation  of  the 
vessels  of  the  submaxillary  gland,  although,  of  course,  only  a  part  of  the  acid 
reached  the  gland.  Comparing  the  action  of  different  acids,  their  action  was  not 
found  to  correspond  to  the  H  ion  concentration.  But,  as  the  authors  point  out, 
and  as  we  have  seen  above  (page  200),  the  ^ect  is  really  produced  by  carbon 
dioxide  driven  off  from  the  bicarbonates  of  the  blood,  which  would  naturally  be 
proportional  to  the  total  mcjlar  amount  of  the  acid  introduced.  Acids  weaker 
than  carbon  dioxide,  such  as  glycine  and  alanine,  were  inactive. 

This  lociil  effect,  it  will  be  noticed,  is  opposite  to  that  on  the  centres,  on  which, 
as  we  have  seen  above^  carbon  dioxide  has  an  exciting  influence^  and  Mathison 
showed  (1911)  that  the  direct  action  of  potassium  salts  on  the  centres  is  also 
excitatory. 

There  is  often  pre<jent,  in  extracts  of  tissues,  especially  when  prepared  bv 
boiling,  some  substance  or  substances  which  have  a  powerful  dilator  efl^ect  on 
blood  vessels.  This  is  the  case  with  acid  extiacts  of  tlie  mucous  membrane  of  tlie 
small  intestine.  Now  Barger  and  Dale  (1911)  have  shown  that  sucb  boOed  add 
extracts  contain  the  salt  of  a  base,  which  is  also  obtained  by  the  splitting  off  of 
carbon  dio.xide  from  histidine,  and  is  /i-iminazolyl  ethylamine.  The  <leprpssor 
substance  is  contained  in  the  scrapings  of  tlie  deeper  layers  of  the  mucous 
membrane^  and  oan  be  extracted  by  alcohol  (Bayliss  and  Starling,  1902,  1, 
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p.  335),  but  whether  it  is  present  in  the  living  cells,  or  is  gi\iBn  off'  in  their  Qormai 
metabolism,  is  not  known.  It  is  interesting  to  note  that  the  vaso-diiatatioo,  seen 
in  the  oat  and  dog,  is  replaced  by  vaso  constriction  in  the  rabUt  and  gninea-pig, 
ao  that  it  would  be  rash  to  assert  that  this  substance  plays  the  part  of  a  general 
metabolite  to  bring  about  vascular  dilatation  in  active  organs. 

Tn  contradistinction  to  the  usurI  rlilator  action  of  the  products  of  tissue 
metabolism,  the  secretion  of  the  suprarenal  bodies  contains  an  extremely  potent 
sabstance,  adrmuUimt  which  causes  vaao^nstriction  in  all  cases  where  there  is  a 
supply  of  sympathetic  vaso-oonstrictor  nerves.  This  "hormone"  will  come  up 
lor  forthw  dtseossion  in  the  next  chapter.  Reference  is  made  to  it  here  sinee, 
in  many  cae^s  in  whicli  roflf'x  of  blood  pif^ssure  o<M;urs,  there  is  vl  turning OQt 
of  adrenaline  into  the  blood  vessels,  which  assists  in  the  rise  of  pressure.  The 
secretory  nerves  to  the  suprarenals  are  excited  simultaneously  (see  especially 
the  work  of  Anrep,  1912,  l)w 

It  might  occur  to  the  reader  that,  perhaps,  this  productioa  of  adrenaline  is  the 
cause  of  all  rise  of  h\o-v\  pressure  in  pressor  reflexes  ;  if  t^e  existence  of  a  vas4>- 
constrictor  centre  would  l)e  superfluous.  Hoskins  and  Wheelon  (1914),  however, 
find  that  lour  to  six  hours  after  tying  off  both  suprarenal  bodies,  although  there 
is  weakness  of  the  skeletal  muscle  and  the  heart,  the  blood  pressure  is  not  towered, 
and  pressor  reflexes  from  a  sensoijr  nerve  are  still  to  be  obtained.  TIras,  excita- 
tion of  vaso-oonstrictors  occurs  in  the  absence  of  stimolatioir  of  secretioii  of 
adrenaline. 

Similarly,  the  va&o-dilator  nerves  have  been  supposed  by  some,  £arcroft  (1914, 
]k  148),  for  example,  to  be  of  comparatively  small  importance,  even  if  their 
eodstenoe  is  not  douUtful.   The  products  of  metabolism  are  supposed  sufficient 

to  account  for  the  functional  dilatation.  But  when  vaso-dilators  are  excited 
through  the  depressor  nerve  in  order  to  relieve  the  heart  by  fall  of  blood  pressure, 
it  would  seem  a  remarkable  way  of  bringing  it  about  if  it  were  necessary  to  set  a 
multitude  of  organs  into  activity.  It  must  be  admitted,  however,  that  the  vaso- 
dilators do  not  appear  to  play  a  great  part  in  the  reflex  fall  of  blood  pressure,  since 
inhibition  of  constrictor  tone  is  usually  sufficiently  effective.  The  dseision  of  the 
qiiestinn  o])viouHlv  rests  on  the  proof  that  vasc>-dilAtnti«>n  can  occur  on  stimulation 
of  H  nerve  apart  from  increase  of  metabolism.  The  ettect  of  the  choi-da  tympani 
on  the  atropinised  submaxillary  gland,  in  which  vaso-dilatation  is  obtaiut^d  without 
visible  secration,  has  been  brought  forward  in  evidence,  but  Bareroft  (1914,  p. 
147)  rightly  points  out  that  there  may  be  stages  of  cell  activity,  preliminary  to 
extrusion  of  secretion,  which  are  not  paralyse<l  Hv  ntropinp  Tn  fact,  he  obtains 
increase  of  oxygen  consumption.  The  data  given  seem  to  me  to  show  that, 
altliough  metabolites  are  a  partial  cause,  there  is  a  nervuus  effect  in  addition,  since 
the  degree  cl  dilatation  is  not  in  proportion  to  the  increase  of  oxygen  consumption. 
Thus  a  109  per  cent,  incitese  in  oxygen  consumption  cmnoideB  with  a  4o8  per 
cent,  increa.se  in  blo<:)d  flow,  while  a  50  per  cent,  increase  coincides  with  an 
increase  in  blood  tlow  of  812  j>er  cent.,  that  is,  a  larger  dilatation  with  a 
smaller  consumption  of  oxygen.  iSome  recent  experiments  by  Anrep  and  Evans 
(unpublished)  show  that  it  is  possible  to  obtain  VBSo4ilatBtion  in  me  tongue,  oo 
stimulation  of  the  peripheral  end  of  the  lingual  nerve,  without  any  increase  in 
oxygen  consumption.  In  some  cases  an  increase  was  found,  but  this  was  probably 
due  to  secretory-  f\rti\  ity  of  the  glands  in  the  tongue. 

Anrep's  experiments,  referred  to  on  page  34^  above,  show  that  when  the 
secretin  used  to  stimulate  the  pancreas  is  free  from  the  depressor  substance, 
there  is  little  or  no  sign  of  vaso-dilatation  in  the  gland,  associated  with  secrettoo. 
Th»  products  of  metabolism  of  active  glands  luive  not,  thArrfore^  universally 
a  vaso-dilator  action.    See  also  Asher  (1910,  2). 

It  was  m*'Htioned  above  (pajre  345)  that  the  cervical  sympathetic  in  the  cat 
gives  abundant  secretion  of  saliva.  Disregard  of  the  fact  that  metabolites  cause 
dilatation  led  some  observers  to  state  that  the  cervical  sympathetic  contains 
vaso-dilators.  Now  the  drug,  ergotoxine,  obtained  by  Dale  (1906)  from  ergot, 
panilyscs  sjTnpathetic  constrictors  and  secretory  fibres,  but  does  not  affect  vaso-  • 
dilators.    After  ergotoxine,  stimulation  of  the  cervical  sympathetic  fails  to 


Digitized  by  Google 


1 


THE  CIRCCLATIOX  OF  THE  BLOOD 


703 


produce  dilatation  in  the  gland  vessels.    The  conclusion  seems  justifie<l  that  the 
failure  is  on  account  of  the  absence  of  secretion.    Some  observers  appear  to  have 
obtained,  normally,  vasodilatation  from  the  cervical  sympathetic,  not  preceded 
by  constriction.    This  has  not  been  my 
experience.    I  find  constriction  at  first, 
followed  by  dilatation,  as  the  secretion 
becomes  more  copious. 

Reaction  to  Changes  of  Prensure. — T 
had  observed  (1902,  2),  that  if  the 
general   blood  pressure  is  suddenly 
raised  while  a  plethysmographic  trac- 
ing is  being  taken  of  an  organ,  that  the 
first  passive  expansion  of  the  organ  is 
followed  by  a  considerable  contraction. 
Since  it  was  known  that  smooth  muscle 
in  various  situatioiis  re.s|K)nds  tostretch- 
ing  by  contraction,  I  interpreted  the 
efiect  as  being  due  to  a  similar  reaction 
on  the  part  of  the  muscular  wall  of  the 
arterioles.    T\ie  fact  that  stimulation 
of  the  splanchnic  nerves,  or  asphyxia, 
excites  the  flow  of  adrenaline  into 
the  blood  current  was  not  known  at 
the  time,  and  Anr*ep  (1912,  2)  has 
shown  that  the  methods  used  by  me 
to  cause  a  rise  of  blooti  pressure  were 
such  as  to  cause  this  flow,  and  that  the 
results  are  sutficiently  accounted  for  by 
it.    Of  course,  the  i-eaction  to  stretch- 
ing may  also  take  place,  but  my  experi- 
ments did  not  prove  it.    Anrep  wjvs 
unable  to  confirm  the  result  which  I 
had  obtained  by  raising  the  pressure 
inside  an  excised  piece  of  artery,  but 
my  recollection  of  this  experiment  is 
so  clear  that  I  am  unable  to  Ijelieve 
that  the  particular  piece  of  artery  used 
then  did  not  really  contract.    If  I 
understand  Anrep's  description  of  his 
method  correctly,  it  does  not  seem  pos- 
sible for  the  artery  to  contract  whefa  it 
was  distended  by  pu.shing  in  the  piston 
of  a  syringe.    In  the  same  ptiper  I  also 
described  the  opposite   reaction  of 
blood  vessels  to  fall  of  pressure,  in 
which  it  appeared  that  dilatation  took 
place  in    response  to  diminution  of 
tension.    The  effect  of  adrenaline  is 
excluded  here,  and  Anrep  explains  the 
result  as  due  to  asphy.xial  metabolic 
products.    I  do  not  feel  quite  satisfied 
with    this   explanation,   but   I  was 
unfortunately  unable  to  see  Anrep's 
experiments.      No   doubt    the  pro- 
longed stoppage  of  circulation  in  his 

experiments  was  sufficient  to  afl^'ord  such  metabolites,  but  if  Fig.  250  be  con- 
sulted, it  will  be  seen  that  a  compression  of  the  alxlominal  aorta  for  eight  seconds 
produces  a  subsequent  dilatation  of  nearly  as  great  a  degree  as  one  of 
twenty  seconds,  and  it  is  difficult  to  believe  that  depiivation  of  blood  flow  for 


FlO.  2o(».     IXX?AL  REACTION  OK  BU>OD  VeSSEl.S 
TO  FALL  OK  INTEKKAL  PRESSURE. 

Upper  cun  e,  volume  o(  hind  leg  ot  dog,  constrictors 
dilators  cut. 

Ix)wer  curve,  pressure  in  femoral  artcr)-.    Zero  at  level 

of  upticr  Dipuil. 
Time  in  ten-sei-ond  intervals. 

The  aUloniinal  aorta  \«'a.<«  ooniitre^iNxl  tH'iee,  the  flntt  time 
only  Mng  inarkeii  l>v  the  i»it;tial.  The  lilood  pres8ure 
curve  shows  the  actual  <liirution  of  the  fall  of  |>re»»u/e 
in  the  limb  veHsx-ls  in  l>oth  ea»e«. 

The  fln*t  fall  in  v()lunie,  due  to  deprivation  of  hlood,  is 
foiloweil  hy  a  lar^'e  dilat.'vtion.  The  nia>fiiituile  of 
thi.x  (lilatatioii  diH-!«  not  mh-ui  to  have  any  relation  to 
the(liirati«>n«it  t)i<-aMa'nila,  and  it  i<i  difficult  to  under- 
stand how  an  am-niia  of  oidy  eicht  !*e<N3nds  duration 
in  a  rurari«e<i  animal  under  artificial  reitpiration  c-uuld 
nr'^NiiK-e  sutfli-ient  asplnxial  ntetal>olites  to  cauM  mo 
lArgv  an  elI^^•t. 

The  dilatation  is  followed  by  a  constriction,  which  may 
l>o«M)>ly  )k'  a  contractile  resitonM-  to  the  sudden  in- 
nitih  of  blood  into  the  dilated  veiwels. 

(Baylisa,  19(h»,  2,  Fig.  7.) 
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eight  aectmds  should  cause  an  appreciable  accamulation  of  metabolites  in  a  neflti^, 
curariaed  leg.  It  i8  to  be  remembered  that  the  blood  was  fully  oxygenated.  It 
is  desirable  that  nompres8ions  of  still  shorter  duration  should  be  tested.  If, 
however,  we  accept  a  reaction  of  the  muscle  cells  of  the  arterial  wall  to  fall  of 
pressure,  it  is  necessary  to  suppose  that  they  must  previously  liave  been  in  a 
state  of  contractile  response  to  the  normal  high  pressure.  Further,  it  the 
electrical  change  describei  by  Carl  Tigerstedt  (page  687  above)  he  accepted  aa  due 
to  iirterial  contraction,  it  shows  that  the  larger  arteries  rwpond  to  the  heart 
beat  by  a  contrartion.  alt  bough  small. 

Kesson  <^1913)  was  unable  to  find  any  reaction  in  isoialed  arteries,  but  Gesell 
states  (1916)  that  stretching  is  the  normal  stimulus  to  the  tone  of  the  auricular 
muaclOi 

BitgiyJlaixon  of  Supply  to  Organs. — Summing  up  the  facts  of  the  previous  pages, 
we  may  say  that  the  blood  flo«r  through  an  organ  in  activity  is  increased  in  the 

following  ways: — 

1.  By  rise  of  general  arterial  pressure,  produced  by  constriction  in  other 

parts. 

2.  By  vascular  dilatation  in  the  organ  itself.    These  two  effects  are 

combined  in  the  I<ov^n  reflexes. 

3.  By  the  production  of  acid  metabolites  by  cell  activity. 

Hie  natural  tonus  in  arterioles  is  maintained  in  three,  or  perhaps  four, 
ways : — 

!•  The  natural  pri>perty  of  btuooth  muscle  to  be  iu  a  state  of  partial 
tonus. 

.  2.  The  continuous  vaso-conatrict^ir  impulses  sent  out  by  the  tonic  excita- 
tion of  the  vaso-constrictor  centre. 

3.  The  contraction  set  up  by  adrenaline  in  those  arterides  supplied 
with  sympathetic  nerves  when  this  substance  is  present  in  tlie 
blood. 

(4.  The  contraction  by  which  they  respond  to  the  normal  stretcliin^  force 
of  the  blood  pressure,  possibly.) 

ThB  CAPItLART  ClBCULATtOW 

Satisfactory  evidence  regarding  active  changes  in  the  calibre  of  the  oapillarips, 
independent  of  the  pai>sive  eliects  of  the  blood  pressure  in  the.  arterioles,  and 
especially  as  to  whether  the  nervous  system  exercises  any  control  over  them,  baa 
only  recently  been  brought  forward. 

Tl^ore  appears  to  haNe  been  a  difficulty  felt  owing  to  the  structure  of  the 
capillary  wall  as  a  single  layer  of  protoplasmic  cells  and  the  absence  of  a  musi'ular 
coat.  But  we  know  that  cells  other  tliau  muscle  cells  can  change  their  form 
under  stimulation.  Pigment  cells  of  the  skin  in  fish,  frogs,  and  invertebrates  may 
be  mentioned,  and  the  spherical  forms  taken  by  Ameeba  and  leucocytes  are  familiar. 
The  sympathetic  nerve  supply  of  the  melanophores  of  Fundulus  has  been  referred 
to  above  (page  429),  and  a  supply  of  nerve*?  to  the  capillaries  has  been  described. 
Schafer  (1912,  p.  states  that  gold  impregnation  of  the  rabbit's  mesentery 

shows  every  capillary  to  be  supplied  with  a  nerve  fibre  running  along  it,  the 
separate  nerves  forming  loops. 

Examination  of  the  web  of  the  frog's  foot  w  ill  impress  the  observer  with  two 
things,  amongst  others:  he  will  note  how  great  is  the  volume  of  the  capillaries  in 
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proportion  to  that  of  the  arterioles,  and  how  nnirh  greater  accordingly  is  the  nito 
of  How  in  the  latter.  He  will  also  appreciate  how  lari^e  a  pn»portion  of  the  total 
blood  \&  contained  in  the  capillary  region  of  the  vascular  system,  and  how  a 
sdmII  increase  in  the  diameter  of  theee  vessels,  if  it  oocurs  in  a  large  part  of  tho 
body,  would  suek  np,  as  it  wcm  o,  a  \ut]^v  frarlion  of  the  wliole  blood.  The  l  osnlts 
of  surh  a  capillary  dilatation  will  Ijc  clear  from  the  remarks  on  the  volume  of  the 
hlooil  on  Y'vzy  6H0,  Although  the  capillaries  are  wider,  the  current  will  U.  dec  reused, 
not  only  by  the  width  of  the  stream,  but  also  by  the  lowered  blood  pressure, 
which  caiuee  the  flow.  Under  ordinary  circomstanoes,  as  described  by  Lister 
(1858),  J^ngley  (1911),  and  Krogh  (1919),  the  whole  of  the  capillaries  of  a 
particular  region  are  not  filled  with  blootl ;  some  of  them  are  empty  and  apparently 
contrncted  up.  Krogh  saw  that  in  ideating  muscle  only  a  small  nuinbpi-  are  filled 
with  blood.  In  activity,  a  gi*eater  or  less  proportion  of  the  reinaiiider  become 
dilated  and  convey  a  current  of  blood.  But  a  comparatively  high  pressure  is 
needed  to  open  up  the  collapsed  raipillariee  by  passive  distension.  Hence,  if  an 
'  (fective  increase  of  blood  supply  is  wanted,  there  must  be  an  active  dilatation  of 
the  capillaries,  as  well  as  of  the  arterioles.  The  difference  !>t  twi>eii  tlie  efleet  of 
arleiial  and  of  capillary  dilatation  is  indieatefl  by  the  action  ut  culd  on  the  skin. 
The  colour  of  the  skin  in  white  races  is  almo!«t  entirely  duo  to  the  blood  in  the 
capillaries.  When  these  are  empty  of  blood,  tlie  skin  is  white  and  cold,  lliis 
happens  in  extreme  cold  as  a  result  of  arterial  anil  capillary  constriction.  There 
are.  howe\»'r,  two  familiar  eHect'^  of  coUI  in  which  the  skin  is  of  deeper  ro1<nir  than 
noiiiial,  ami,  therefore,  the  capillaiies  eont.-iin  nuue  blooil.  In  one  of  these,  the 
normal  healthy  response,  the  skin  is  red  and  warm.  This  must  be  due  to  an 
arterial  dilatation  allowing  a  more  copious  flow  of  warm  blood,  which  may  be 
oombiiied  with  capillary  dilatation.  The  skin  is  thus  protected  from  the  in  jurioas 
actitm  of  cold,  frost  bite,  and  so  on.  The  fact  that  the  blood  remains  re<l  shows 
that  it  is  rapidly  renewed  before  losing  much  of  its  oxygen.  In  the  other  sUite, 
which  is  more  pathological,  the  skin  is  blue  and  cold.  The  blueness  shows  that 
the  current  must  be  so  slow  that  most  of  the  oxygen  is  consumed  by  Uie  tissues 
before  the  blood  is  replaced  by  a  fresh  supply.  That  it  ia  alow  in  transit  is  also 
shown  by  the  coldness  of  the  skin.  Although  the  capillaries  are  widened,  the 
simultaneous  arterial  constriction  only  allows  a  scanty  current  to  pass  into 
them. 

There  is  also  experimental  evidence  that  the  capillaries  can  be  aflected 
independently  of  the  arterioles.  Roy  and  Graham  Brown  {1B80)  noticed  that  the 
diameter  of  individual  capillaries  is  not  in  proportion  to  the  arterial  pressure. 
Thus,  tw«>  eapillirifs  King  side  by  side  may  re<|uiro  very  <lifl'en»nt  external 
pre.s.sure  to  oblileniie  lliein  ;  while,  after  a  time,  that  one  whieh  previously  had 
collapsed  with  the  lower  pressure  may  now  require  the  higher  one. 

More  complete  proof  of  the  ind(  |>eudent  contractility  and  dilatation  of  the 
capillaries  was  given  by  Dale  ami  Richards  (1918).  The  ba.se  /i-iminaz(»lyl- 
ethylamine  or  liistarnine  liad  been  found  by  Dale  and  l^idlaw  (101(1)  to  have  the 
property  of  causing  contraction  of  all  kinds  of  smooth  muscle,  includinir  that  of 
the  arterioles.  But,  when  injecte<i  into  the  circulation  of  the  dog,  cat,  or  m«»nkey, 
it  prodnoed  the  anomalous  result  of  a  ftdl  in  blood  pressure,  although  its  action  on 
the  arterioles  shovdd  have  caused  a  ri.se.  Hy  a  number  of  ingenious  experiments, 
Dale  and  Richards  were  able  to  show  that  a  generalised  dilatation  of  tlio 
capillfiries.  toijether  with  constriction  of  arterioles  or  ab.sence  of  effect  on  tin  tn, 
acooniing  to  the  dose,  is  produce<l.  In  the  first  place,  plethysmographie  exjn'ri- 
mcnts  showed  a  remarkable  variability  in  the  degree  of  expansion  of  a  limb  in 
relation  to  a  given  fall  of  Uood  pressure,  just  as  would  be  expected  from  a  conflict 
between  arli'i  ial  c<m8triction  and  capillary  dilatation  in  \arying  pn»iM)rtions. 
Next,  it  v\a,s  shown  that  when  a  purely  arterial  system,  ot)iai?icil  by  eiittiiiL,'  the 
nieksentery  at  its  attachment  to  the  intestine,  was  perfujxtnl  arLiliciaily,  hislunnne 
caused  a  reduction  of  the  How  by  constriction  of  arterioles.  Interesting  results 
were  obtained  on  the  tfie  pads  of  the  cat.  If  the  nerves  of  one  leg  are  cut  in  a 
n"i  nial  cat,  the  pails  of  the  denervated  side,  although  the  incre;i.sc<l  volume  pulse 
showed  arterial  dilatation  to  persist  for  some  weeks,  are  paler  than  the  normal  side, 
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but  Ht  tlio  same  time  waraier.  Thb  can  unly  mean  that  the  capillaries  are  \t£k 
filled,  but  that  a  rapid  current  of  blood  is  flowing.   This  was  actually  shown 

the  fact  that  the  denervated  paw  warmed  water  lOOrc  rapidly  than  did  the  uorma! 
one.  The  capillaties  in  the  normal  flushed  paw  must  be  wide,  although  it^ 
temperature  shows  that  the  arterioles  are  narrower.  The  contrast  is  similar  to 
that  between  the  "blue"  and  the  "red"  eflfects  of  cold  on  the  human  skin. 
When  hiatamise  was  given,  the  denervated  paw  became  redder  by  capiilaiy 
dilatation.  The  nornial  paw  showed  first  a  slight  decrease  in  colour,  due  to  the 
{general  fall  in  blood  pressura;  later,  a  slight  Hush.  The  effect  of  a  pure  arteiiai 
(lilfitfir,  such  as  »i«*f»tyl-i'hf>line,  is  very  different.  Tlie  dencr\utetl  paw  shows  no 
dertnito  change  of  colour,  hocause  the  art(»riolei  are  already  dilated.  Tin?  normal 
side  becomes  redder,  the  capillaries  becoming  more  filled  up  with  blood  from  the 
dilated  artericdes. 

The  fact  that  adrenaline  in  very  small  doses  causes  a  fall  of  blood  pMRin 

wax  r*'f<»rrod  to  above.  Dale  and  Richards  sliowed  that,  ii^  such  pmscs,  t lie  action 
is  a  dilator  one  on  the  capillarios,  vrry  similar  to  that  of  histamine,  except  that 
the  concurrent  arterial  constriction  is  more  pronounced.  This  efTect  appears 
be  something  independent  of  the  typical  sympathomimetic  action  of  the  drug,  to 
he  described  in  the  next  chapter.  In  d(^es  larger  than  the  minimal  ones,  « 
constriction  of  the  capillai  ies  is  pnHlucctl. 

Krogh  (1U2U)  hnds,  in  tlio  froL^'s  tongue,  that  uretliane  apj^lied  hK-ally  t  au-**-* 
dilatation  of  the  capillaries  without  all'ecting  the  arterioles.  Ue  shows  also  that 
weak  local  mechanical  atimnlation  causes  relaxation  of  the  capillarMS,  and  that 
then  the  venous  pressure  is  sufRcient  to  fill  them  from  that  side,  whereas,  when 
they  are  tonically  contractetl,  the  arterial  pressure  itself  i.s  unable  to  open  them  to 
any  appreciable  extent.  Tluis,  thoir  state  of  filling  duett  not  depend  upon  the 
arterial  pressure,  Imt  upon  their  own  tlegi-ee  of  tonus. 

Further  observations  showed  that  the  innervation  is  antidromic,  like  that  of 
the  arterial  dilators,  as  described  above.  The  reaction  to  local  stimulation  is 
abolished  by  cocaine.  It  is  not  aflected  by  meie  section  of  the  nerves,  but 
disappears  when  these  nerv<  s  are  allowed  time  to  degenerate.  Thus,  it  is  a  I'xail 
axon-reflex.  Electrical  stanulation  of  tlie  lingual  nerve  luid  no  effect  on  thr 
capillaries,  whereas  strong  mechanical  slimulatiou  caused  marked  dilatation,  both 
of  capillaries  and  arterioles.  In  my  own  experiments  on  the  dorsal  roota  of  the 
dog,  I  noticed  that  mechanical  stimulation  was  veiy  eflfectivo.  According  to 
Krogh,  capillary  tonus  is  not  abolished  by  section  or  even  degeneration  of  tlie 
nerves.  But  it  disappears  when  the  bl(K)d  supply  i^^  ("ut  off.  It  seems  that  \\\\> 
effect  is  not  due  to  absence  of  oxygon,  because  it  is  still  present  if  the  frog  is  k^i 
in  an  oxygen  atmosphei'e. 

The  observations  of  Doi  (unpublished)  on  antidromic  stimulation  in  the  frog 
were  mentioned  above.  He  finds  that  an  effect  is  still  present  after  acetyl-chohin 
or  after  histaftoer  Hence  he  concludes  that  the  effect  is  due  to  both  arterial  and 
capillary  dilatation. 

The  manner  in  which  the  histamine  fall  of  blood  pressure  is  produced  is  not 
quite  clear.  I  find  it  difficult  to  believe  that  the  peripheral  resistance  is  appran* 
ably  decreaseil  by  dilatation  in  a  wide  IxmI  on  the  far  side  of  the  place  of  chief 
resistance,  the  arterioles.  It  seems  more  likely  to  l)e  a  capa<  ity  effect.  Dale  an«l 
Richanis,  however,  stat*-  that  the  heart  output  is  increased  by  small  d»»ses  H 
histamine,  although  ainuaished  by  large  one«.  The  matter  retjuiieij  further 
investigation. 

Wound-Shock  and  Tranmalir  7\KC(rmia. — During  the  late  war,  serious  truaUe 
wa^  canned  by  the  state  of  "shock"  iuU)  which  wouinh^l  men  fell.  They  slio-niii 
the  si^^Ms  of  great  l«»ss  of  bloo<l,  although  the  aetual  lia-niorrhage  may  not  Icivt- 
been  at  all  severe.  Evidence  of  various  kinds  pointeil  to  the  pmbability  thai  ih« 
injured  tissues  were  producing  some  toxic  substance  (see  especially  (^ut  nu,  1919^ 
Cannon  and  myself  conjointly  (Bayliss  and  Cannon,  I  OH)  ,  Cannon,  1919: 
Bayliss,  1918)  found  that  a  state  simitar  to  that  of  wound-shock  could  be  prvuluc^^ 
in  r  ats  bv  injui'v  to  the  thigh  mus^'le-,  t  v.  n  when  the  jiossibility  of  nervoie 
i-etlexes  was  excluded,    f  urther,  it  was  show  a  by  Dale  and  Laidlaw  (11)19)  tb»l 
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I'i  tiiiiiiR'  in  particular  <lost!.s  hiul  a  like  effect.  The  conclusion  Hcenis  ju.stiiied 
that  tiiere  is  some  comnioii  factor.  Although  the  toxic  pnxlurtn  fmm  injtjred 
tissue  liave  nut  het;n  actually  identified,  they  have  the  wuue  physiulogical  action 
Ml  hbUunine;  that  in,  *  widespmd  dilatatioii  of  the  capillkriefly  leading  to  a 
[FOoKng  of  blood  :iiul  its  withdniwal  from  efiiBctiye  circulation^  with  all  tin*  seriou.s 
results  of  a  failure  of  bhxHl  .sui)ply  to  vital  organs.  A  decnase  in  efl'ective  lilo<xl 
volume  \\  \'\  y^^m  found  in  woundofl  men  (N.  M.  Keith,  I911>).  If  the  Htate  has 
not  l>ccn  aliuweti  to  proceed  too  far,  the  defective  volume  can  be  Hatiafactorily 
made  up  by  transfusion  of  blood  or  even  of  gum  saline  (K^th,  1919,  p.  40; 
Bayliss,  1918,  1920,  1).  If,  however,  it  is  very  severe  or  lias  lasted  lonj^  a 
farther  pniperty  of  tissue- toxins,  in  oomiDOn  with  histamine*  eooihineK  in  pro- 
ducing a  loss  of  bhKxl  volmruv  Ti*»rmal  im|>rrMKyibility  of  the  vessel  walls  to 
proteins  is  lost.  In  (:i)nst'»|ii(  ticc  of  this,  the  osinotic  pressure  of  these  or  »»ther 
colloids,  such  as  gum  arable,  is  inellective,  fluid  leaves  the  viUicular  system,  and 
any  injected  fluid,  even  blood,  fails  to  keep  up  the  volume  of  the  blood.  No 
treatment  lias  been  found  to  be  of  avail  in  such  oases. 

It  is  imi'ortnrit  to  notr  that  experience  hjis  slunvii  that  the  nmintonMnre 
of  a  normal  \x\okA  v<»lume  is  of  the  greatest  moment.  Hilution  of  thr  l>l(»o<l, 
up  to  very  wide  limits,  is  of  comparatively  little  significance,  so  long  as  it^ 
volume  is  normal  (see  Medical  Research  Committee,  Special  Report,  No.  25, 
pp.  26,  27). 

Tub  Vkinr 

Since  the  diameter  of  the  large  veins  is  great,  a  moderately  small  change  in 
their  calibre  might  have  an  important  eflect  on  the  total  capacity  of  the  vascular 
system. 

Tt  has  been  held  by  some  that  the  veins  are  almost  indefinitely  »list«usilile,  so 
that  they  would  be  capable^  of  accommodating  largt;  volumes  of  1)I<«k1  without 
perceptible  increase  of  internal  pressure.  But,  although  their  walls  are  thin, 
experimental  evidence  indicates  that  they  are  not  very  readily  stretched 
passivdy.  Boy  (1881 )  found  that  the  v<»ub  are  less  distensible  than  the  arteries, 
in  proiH>rtioti  to  the  changes  dl  pressure  to  which  they  are  subjected  in  the 

organism. 

That  veins  arc  contractile  is  ^iiown  by  their  rhythun'c  contractions  in  the 
bat's  wing,  and  by  the  familiar  foct  that  stimulation  causes  an  exposed  vein  to 
oootraet  up.  Qunn  and  Chavasse  (1913),  further,  showed  that  adrenaline  makes 
exciscil  veins  to  contract.  Tlius,  a  sympathetic  innervation  is  suggested.  Donegan 
(unpublishfl)  has  nuule  a  series  of  cxperinicnts  in  which  it  was  founii  that 
stifuulatioa  ot  the  abdominal  sympatiictic  brought  about  contraction  of  the  veins 
of  the  leg.  Thus,  certain  observations  by  Thompson  and  by  lisnoroft,  in  which 
simulation  of  the  sciatic  nerve  was  found  to  cause  contraction  of  the  saphenous 
vein,  were  confirmed  and  the  origin  of  the  fil>rr>,  niacleout. 

An  old  observation  Viy  Ooltz  n  '^'''>>  '  "f  interest.  When  the  intestines  of  the 
fr»»g  are  rei)eatedly  tapptni  with  llie  liaiidle  of  a  scalpel  (*' Klo}>f-ver.such  "),  in 
addition  to  inhibition  of  the  heart,  there  is  a  maximal  dilatation  of  the  abdoniinul 
vessels,  especially  <^  the  veins.  If  the  spinal  cord  is  now  destroyed,  tlie  condition 
is  not  recoverea  from.  Golt/.  concludes  that  the  veins  as  well  as  the  arteries 
receive  a  tonic  inn«'rvation  frotn  tlie  central  nervous  svstcm,  Tawaststjerna 
(1*JIG,  p.  49)  obtained  tracings  and  .showeti  that  there  is  a  prohujLt  il  f  ill  of  blotnl 
pressure  in  such  cxperimenlf*  &iwx  the  vagus  nerves  have  been  cut,  and  that  there 
is  a  great  deoresse  in  the  output  of  the  heart,  showing  a  removal  of  blood  from 
effective  cirealati<m. 

ThK  COAOlJLATfOM  OP  THK  F.LOOI) 

The  fact  that  the  blo«jd,  when  it  lc-iivc.->  the  blood  ves.sils  and  comes  into 
contact  with  the  tissues  or  external  objects,  sots  into  a  kind  of  jelly  is  familiar 
to  all. 

Tlie  value  of  this  process  to  the  organism  appears  to  be  to  lessen  loss  of  blood 
when  blood  vessels  are  injured. 
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Tt  is  impossible  to  give  an  account  lu  re  of  the  great  mass  of  work  tltat  ht« 
been  done  oa  the  procchs.  Xa  point  of  fact,  it  cannot  be  said  that  it  is  m  I 
nndentood.  Much  of  the  neeafcn  done  has  led  to  little  more  than  the  ronUiplui 
tioa  ol  names  given  to  supposed  substances  held  to  take  part  in  it,  bat  these  Iwit 
not  been  isolated  as  chemical  individuals,  and  the  names  really  refer  to  aspecbof 
phenomena  (see  the  remarks  on  pages  107  and  328  above). 

As  an  ill\iHtratii>n,  I  would  refer  to  iho  paper  by  ColUtif^ood  and  HaoMahan 

whore  wr>  Hud  the  fMllowirif,'  iinnxMii  used  as  applying  to  dffiiiile  suliMt.jnces :  fibrinrip^ii. 
pruthrmiibin,  prothrombttkinase,  aiiti-t)m>mt>okina»e,  thronibokiiiosu,  anti-lhrombin,  and  in? i  ' 
)^rothroinV»in.    Those  are  suppoaed  to  be  pry-sent  before  clotting.    Aft«r  clot  line  we 
hhriTi,  thrDnibin,  tbrombokinaae,  aati'Uuroinbiii ?,  aoti-prothrombiiit  aQU-UmnnbokinaM,  nd 
prothrombin. 

On  the  whole  it  appears  that  the  point  of  view  originally  taken  l)V  AVooMrid^^ 
(1887-lbli3)  and  dovelupod  by  Nolf  (190n  1">n«)  has  the  most  evidence  in  iu 
favour.  Aceonling  to  this  theory,  the  phenomenon  ivS  essentially  an  interattior. 
of  colloids  uadei'  the  intluoncti  of  electrolytes,  especially  calcium  sjUls.  TliereL< 
reason  to  snppose  that  the  so^salled  "fibrin^ferment"  is  not  an  enzyme,  alUioa|k 
some  enzymes  of  a  proteoclastio  nature  may  he  oonoemed  in  the  later  liquefMtiMi 
of  the  clot. 

Tn  invertebrates  there  are  two  kinds  of  pnji-esses,  one  associated  with  l)ieAkn,' 
up  of  amrelK>id  coq)uscles,  the  other  with  a  coagulation  eirt>ct  in  the  plasma.  IV 
papers  by  liardy  (1892)  and  by  Tait  (1910  and  1918)  may  be  consulted. 

The  existence  of  something  which  prevmtsor  retards  the  process  of  coagulitHHi 
has  been  referred  to  in  speaking  of  the  extract  of  the  beads  of  leeches  (page  3»j(') 
A  similar  *'  anti-thrombin  "  can  be  obtained  from  the  liver,  as  shown  e^eciaUj  bj 
Doyon  (1912). 

On  account  of  the  diiliculty  and  cxponsf  of  prmuriiig  hirudin,  it  wotiM  ctm  worthwhile 
to  attempt  to  pi«pare  an  anii-tbrombiu  from  tbo  liver  by  Doyon's  method,  it.  would  r«quir> 
removal  of  the  toxic  impnritiee  preeent  in  the  crude  mixtures  hitherto  obtained.  Tik 
Bubstancos  in  <{uestion  soem  to  make  the  colloidal  syetem  moie  etabiei,  ao  Uiai  Uk 

ooagulatiun  pnKJCsa  induuod  by  rough  i*urface«  is  prevented. 

Zak  (1912)  shows  that  the  "lipoids"  of  tin-  })la.sma  play  a  considerable  p»rt 
in  the  phenomena  of  coji'^tilation,  a  fact  which  points  to  the  intervention  «>f  surface 
action.  This  investigator  shows  that  the  hypothesis  of  a  "  throuibokma4c'' i» 
superfluous. 

SUMMARY 

The  object  of  the  circulation  of  a  fluid  through  the  larger  organisms  is  to  supply 
food,  especially  oxygen,  to  the  tissues,  and  to  bring  about  effiactive  interclumge  (if 
chemical  products. 

The  function  of  the  heart  as  a  pump  to  drive  biomi  iiit<)  the  arteries  was 
shown  by  Leonardo  da  Vinci,  but  the  actual  fact  of  the  movement  of  the  blood 
in  a  circle  back  to  the  heart  was  first  demonstrated  by  Uar\  ('y.    The  passage 
the  blood  through  the  peripheral  capillaries  from  arteries  to  veins  was  first  sees 
by  Leeuwenhoek. 

A  high  arterial  pressure  is  necessary,  and  was  shown  to  exist  Inr  8tepbeo 
Hales.  This  is  in  order  to  ensure  a  sufficiently  rapid  flow  through  tho  fine 
bnuiching  tubes  of  the  various  organs. 

In  the  higher  vertebrates  there  are  two  pumps  in  series,  having  the  lung* 
between  tiiem ;  one  is  to  drive  the  aerated  wood  from  the  lungs  .to  the 

in  general ;  the  other  to  drive  the  venous  blood,  returning  from  these  organ.N 
through  the  Innt^'s,  in  order  tliat  it  may  take  up  oxygen  and  lose  carK'n  rlioxi'k 
The  two  pumps  arc  combined  in  one  organ,  the  hearty  but  their  cavitia  >^ 
separate. 
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The  greater  part  of  the  work  done  by  the  heart  muscle  ib  eaqmicledl  in  rainng 
the  pressure  of  the  blood  driven  out^  and  may  be  measured  by  the  pnxlnct  ol  the 
volume  and  pressure. 

Determination  of  the  time  course  of  the  pressure  curve  in  the  ventricle  shows 

that  no  hloml  is  exp<'lle<l  until  the  maximum  tension  is  developtnl.  Tho  muscle, 
therefore,  works  at  its  best  etticieney.  During  the  expulnion  of  blood  into  the 
aort«,  tlie  pressure  in  the  ventricle  remains  nearly  constant)  the  curve  showing 
a  flattened  top. 

The  inflow  frrnn  the  veins  is,  practically,  tho  determining^  factor  in  tho  work 
done  by  the  heart.  The  human  heart,  iudeeci,  can  deal  with  as  luuch  a.s  21  litres 
per  minute.  Thus  it  is  the  Ungth  of  the  fibres  that  determines  the  energy 
given  out 

A  brief  account  is  given  of  t})o  heart  sounds. 

The  oxyj^en  oonHinned  by  the  heart  is  in  direct  proportion  to  the  energy  <rf  the 
tension  (lo\  t  !(»pt'(l,  anil  is  the  samo  at  15°  as  at  '^*V .  Tho  actual  amount  of  oxygen 
used  depends  on  whether  tho  "reserve-stuff"  of  tiie  heart  itself  uxi<ii.se<l,  or  the 
glucose  of  the  solution  perfused  \  but  the  rcUtion  between  the  energy  protJuced 
W  oxidation  and  that  of  the  tension  developed  is  constant.  The  effect  of  excess 
of  carbon  dioxide  is  to  prevent  the  conYondon  of  ehemical  to  medianiesl  energy ; 
similarly,  the  presence  of  calcium  is  neoessaiy  for  the  due  conversion  of  &is 
chemical  energy  into  that  of  tension. 

The  muscular  tissue  of  the  vertebrate  heart  initiates  the  beat,  and  is  also 
responsible  for  the  transmission  of  excitation  from  one  part  of  the  heart  to 
another.  In  the  mammal,  a  localised  bundle,  that  of  His,  con^evs  the  excitation 
from  auricles  to  ventricles.  The  rate  of  the  automatic  rhythm  is  greatest  in  the 
sinus  tissue,  so  that  this  acts  as  the  pace-maker.  In  the  mammal,  a  remnant  d 
sinus  tissue,  the  "  Keith-FUck "  or  **  sino-aurionlar "  nodOi  is  the  initiator  of  the 
l>eats,  and  is  in  direct  oonnection  with  the  nerves  oontrolling  the  rate  of  the 
heart  beat. 

The  heart  requires  an  abundant  Rupply  of  oxygen,  which  is  provided  by 
the  copious  flow  of  blood  through  the  coronary  circulation.  The  arterioles  of 
thi;;  system  are  very  sensitive  to  the  dilating  action  of  productts  of  the  muscular 
metabolism. 

The  inhibitory  action  of  the  vagus  nerves  may  show  itself  in  different  ways^ 
on  rate,  sticn'^tli,  conducting  power,  or  excitability  of  the  muscle.  These  efftMJts 
appear  to  »iepcnd  chiefly  on  the  particular  function  of  the  tissue  in  which 
the  fibres  enii.  The  duration  of  tho  state  of  excitation  is  lessened  by  vagus 
stimulation,  a  fact  which  explains  the  abolition  of  the  T>wave  of  the  electro- 
cardiogram by  the  vagus,  since  its  action  is  naturally  more  pronounced  at  the 

There  are  also  excitatory  nerves,  tiie  aooelerators^  supplied  to  the  heart  muscle; 
their  action  is  directly  opposed  to  that  of  the  vagus  nerves. 

Both  kinds  of  nerves  can  be  excited  reflexly. 

The  import^mce  of  the  elastic  nature  of  the  walls  of  the  arteries  is  pointed  out. 
It  acoomuiodateH,  temporai*ily,  the  blood  driven  out  by  the  rhythmic  beats  of 
tlie  heart,  converting  the  dow  through  the  capillaries  into  a  continuous  one. 
Incidentiilly,  it  gives  rise  to  the  pulse  wave.  This  wave  is  due  to  the  elastic 
recoil  of  the  arterial  wall,  and  must  not  be  confused  with  the  actual  mass 
movement  of  the  current  of  blood. 

The  resistance  to  flow  in  the  blood  vessels  is  due  to  tho  internal  friction  of  the 
blood,  so  that  changes  in  the  viscosity  of  the  blood  change  the  resistance. 
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The  total  volume  of  blood  in  an  animal  is  a  function  of  the  outer  aorfaoe  dt 
the  animal. 

A  brief  description  is  given  of  tiie  methods  used  for  the  investigation  of 
changes  in  the  heart  and  circulation. 

The  arterioles  an;  supplied  with  two  kiudn  of  vasomotor  nerves,  v&so* 
ooDfltrictor  or  excitatory,  and  vasodilator  or  inhibitory,  in  respect  of  the  nomd 
tonus  of  the  arterial  muscular  wall. 

The  eon8trict<»r  fibres  are  all  of  sympathetic  origin.  That  of  the  dilators  is 
more  varied.  In  some  organs  it  is  peculiar,  the  vaso-diUtor  impulses  being 
conveyed  by  the  ordinary  sensory  fibres  in  an  "antidromic"  direction.  Theae 
fibreH  to  blood  vessels  are»  apparently,  lateral  branches  of  the  semory  fibrB8»  and 
can  thus  give  rise  to  axon  reflexes,  as  in  inflammation. 

While  stimulation  of  sensory  nerves  in  general  causee  rise  of  blood  pressure 
by  reflex  arterial  constriction,  there  ts  one  set  of  nerve  tibres,  arising  from  tb» 
aorta  and  the  lioart,  wbicli  always  profitices  reflex  fall  of  blood  pressure.  Theae 
are  known  as  the  fibres  of  the  depressor  nerve. 

In  reflex  rise  of  blood  pressure,  excitation  of  the  vaao-oonstrietor  centre  ii« 
comhineil  with  inhibition  of  the  tone  of  the  vasodilator  centre.  In  reflex  fall, 
excitation  <>f  tlu>  vaao-dilator  centre  is  combined  with  inhibition  of  tone  in  the 
vaso-constrictor  centre,  llcciprocal  innervation  holds,  therefore,  as  in  the  ease  of 
skeletal  muscle. 

Stitiiulation  of  the  central  end  of  the  afferent  nerve  from  an  organ 
n>f!<>\  dilatation  \\\  the  organ  itself,  with  Constriction  elsewhere,  thus  ensuring  the 

muxiiuttl  su[)j)ly  of  blixxl  to  the  organ. 

Stryclinim'  antl  chloix>form  sliow  thoir  usual  actions  of  convcrtinj^  inhibition 
to  oxpitatioii,  <>r  excitation  t«>  inhibition,  respectively,  on  tlic  v.usomotor  r«'!l»  xf"^. 
Owing  to  the  complex  nature  of  these  reflexes  effects  are  sometimes  produced  of 
a  natui-e  diflicuit  at  first  to  analyse. 

The  onPfc't  of  product--  "f  jnetabolism  cf  active  organs  is  to  cause  diiatAtion  of 
tlic  l)l<MMi  vessela,  thus  t  nstirin*;  an  automatic  regulation  of  blood  supply.  But 
the  facts  do  not  account  for  the  whole  of  the  voso-dilator  phenouieim  met  with, 
which  require  the  existence  of  vaao-dilator  or  inhibitory  nerves. 

T\\(s  it'Hex  5?ecretion  of  adrenaline  is  not  nec*!8sary  as  an  ac<o)M|vmiment 
of  pres.sor  reflexes,  so.  that  we  nN|uiro  also  the  existence  of  a  vaso^coiistrictor 
centre. 

There  is  some  evidence  that  the  musrular  wall  of  th«*  nrtoriulos  responds  to 
(rhing  by  a  contraction,  but  tiie  «juestion  is  not  yet  delinitely  decide*!. 

The  capillaries  ara  capable  of  active  changes  in  calibre  ind(>pcndent  of  tluMC 
of  the  arterioles.  Their  inTiervation  is  of  tlic  dilator  antidr«»niic  tyj>e.  They  have 
an  inherent  tonus,  not  dependent  on  the  central  nervous  system.  Certain  drugs 
act  on  capillaries  only,  while  others  act  in  an  opposite  manner  on  arterioles  and 
capillaries. 

The  veins  arc  not  particularly  distensible.  They  have  a  tonun,  apparentiv 
dependent  on  sym{>athetic  Innervation.  Stimulation  of  the  sympathetic  supply 
causes  contmction. 

The  coagulation  of  the  bl*Mxl  is  an  interaction  l>etwecn  certain  colloidal 
systems  under  the  influence  of  electrolytes,  chiefly  calcium  salts.  The  interventkm 
of  surfac*  .o  t  ion  is  shown  by  the. accelerating  effect  of  rough  surfaces  and  by  the 
action  of  lipoids. 
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HORMONES,  DRUGS,  AND  TOXINS 

That  there  nro  a  nu rubor  of  poisonous  substances  which  act  on  livinij  oi^anism" 
in  very  ">inuU'  doses  hm  been  known  for  centuries,  but  tho  fact  that  tliere  are 
also  many  chcMnical  compounds  which  are  indispensable  to  the  noraial  octinties 
of  orgsniama,  although  present  in  infimtesimal  amoant,  has  been  reoognued, 
in  its  full  import,  only  in  recent  years.  We  have  seen  instances  in  the  **  accessory 
factors  "of  (Hot  (pa^os  tini-^Gl).  in  the  cluMiiical  nicchiuiism  of  spt-n'tion,  and  of 
vascular  dilatation  and  constriction,  as  well  a.H  in  en/.ymes  and  cutulyst^  iu  general. 
In  most  of  these  cases  the  active  substance  is  present  in  such  extraordinarily 
small  amount  that,  at  present,  it  seems  almost  impossible  to  disoorer  its  nature 
In  sonic  few  cases  the  chemical  nature  is  known. 

7Vt«  Minuteness  of  the  Quantity  necessary  is  made  clear  by  the  work  of  Bortrand  on 
the  action  of  zinc  and  nian!^an('>^e  (paj^es  221-222  above),  and  that  the  plcMiornonon 
is  not  peculiar  to  living  protoplasm  is  shown  by  the  experiments  of  Elissatov  on 
the  action  of  thorium  on  the  sign  of  the  electric  charge  on  surfaces.  Thus  the 
presence  of  0'2  mg.  of  thorium  nitrate  in  a  litre  of  water  lowered  the  rate 
of  movement  through  a  quartz  capillary,  under  the  action  of  electric  force'-,  hv 
50  per  cent.  Other  case*"?  will  appear  presently.  The  nature  itself  «>f  catalytic 
action,  indeed,  iinplies  that  only  a  very  minute  amount  of  a  catalyst  is  necessary  in 
order  that  an  efTect  may  be  produced. 

HORMONKB 

When  we  came  across  the  mode  by  which  the  pancrAs  is  ezeited  to  activity, 
it  became  obvious,  to  St.irling  and  myself,  that  the  cheoucal  agent  concerned 

is  a  mcrnlior  of  a  class  of  substances  of  wliich  others  were  previously  known. 
Tlie  pecMdiarity  of  these  substances  is  that  they  are  jiroduce<l  in  one  organ,  and 
carried  by  the  bIof»d  current  to  another  organ,  on  which  their  effect  is  manifested. 

Since  some  confu-sion  has  tieen  intnMluoe<I  into  the  nomenolafcnre  of  the  sabj^ot,  a  fev 

words  are  necessary  as  to  the  history  of  the  namn. 

Tho  group  of  HuKstanee^t  referred  to,  which  iticludos  adrenaline  and  the  various  intemai 
flecretiona,  ia  oharaoteriHetl  by  the  property  of  serving  as  ohemioal  mc^nfftrs,  by  wbiuh  the 
activity  of  certain  organs  m  oo-orainatea  with  that  of  others.  They  enable  a  ch^miail 
eornrlatiori  <if  llit- fum  tions  nf  t lie  organism  t>>  l>o  hnmghl  uUout  through  tlie  blond,  side  hy 
side  with  that  which  is  the  function  of  tliu  nervous  systtim  (see  the  Oroonian  Lecture  by 
Bayliiw  and  Starling,  IlNIt).  This  being  ho,  it  seemed  destnbte  and  convenient  to  possew 
ii  n.uiu'  to  distinguish  the  group.  That  of  "internal  .secret ions,"  ulrc.idy  in  usi-.  did  not 
sutliciently  emphasise  their  naUire  an  measengera.  After  tho  discovery  of  secretin,  this  name 
for  the  gniup  was  for  a  long  iimc  a  subject  of  diflCOBRion  in  the  laboratory,  bat  no  aatisfaetoiy 
name  was  snL;^.,'i'sfcd.  Finally,  Mr  W.  I*.  Ifardy  proposed  tin*  luinie  "  Ijormono,"  (It-rlvwi 
from  opfLdtjj  ("1  anmse  to  activity"),  and,  allhouuh  tho  property  of  messenger  waa  not 
BUggeetcd  l)y  it.  it  wa.««  adopted.  It  has,  in  fact,  iteen  gi;neraUy  understood  as  havin|[  the 
meaning  inti  tidcfl,  and  not  to  he  applied  to  any  kind  of  suUstanm  whieh  excites  notivily. 
liulee*!,  a  name  ot  such  very  widf  application  wouhl  Imj  of  c«int[Mratively  little  value.  I  may 
give  three  quotations  to  sliow  that  this  property  of  nies.<«enger  is  usnally  understood  in  tlie 
11^0  of  the  wonl  "hormone."  (!ley  (1911,  p.  11>,  footno(c)  points  out  that  the  "excitants 
iuiH  tioniielrf(Ao;v«w»«w  de  Hayliss  et  Starling)"  arrul  two  kiiidn.  Wo  shall  pn^ntly  return  to 
this  distinction,  but  the  point  is  that  Cley  insists  on  the  correlation  established  between 
different  organs  "par  I'intermt'Hliaire  de  substances  s^*cr<''tik's  p.ar  des  j^d.mdes  bp<Vt:iI,  -  et 
(h'versees  dans  le  sang  ijui  les  transjwrte  lA  oh  elles  peuvent  agir"  (p.  'J I).  Again,  llu.-.tiri 
(11112,  j>.  319)  says—"  Itaylis-s  et  Starling  don  ncrcnt  lo  nom  (Thormones  (d^^dui,  j  rvcite)  Aces 
Bubetances  qui  ounstituaint,  comme  la  s^cr^iae,  des  interm^iaireaohimiques  entre  dee  otKUMi 
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vuisiim  ou  siLu«i«  a  distance."  Babkiii  (1914,  p.  5)  aaya— "Dio  Hormone  btldcn  die  Vermittler 
zwiRolittn  don  verschiedeiwn  T^lwi  dea  Kurpei*  (Bayliss  und  Sterling). *'  When,  therefore, 
th«  name  is  extended  to  apply  to  such  sulwtances  aH  chloroform  or  t^iluonc,  wtiir  h  nef  info 
activity  cn/.ymic  changes  in  cells  becauHo  thuy  are  able  to  penetrate  the  cell  meiiibraru*  and 
imable  intenu^tiun  to  tdko  plaoe  between  constitucntR  within  the  cell  (H.  E.  and  E.  F. 
Arniatrong,  1910,  1911),  it  apfiears  to  me  that  the  ori^nal  mt>aning  of  the  wont  i^<  <leprived  of 
signiticanco  and  applied  to  oases  of  a  dttferont  kind,  for  whit.ii  there  docs  nut  seem  to  exist  the 
iMMsoflsity  for  « tfieoial  nMne. 

It  may  be  added  that  ihia  oonoeption  of  (XMndinatioii  by  chemioal  meeaengera 
is  to  be  nrand  in  a  note  by  Brown43^Qard  and  d' Arson val  (1891X  who  say— 
*'  Nous  admottom  quo  chaquo  Uhsu  ot  plus  g«^neralement  choque  cellule  rle 

r«»r^;ji?iiMtiio  .st''cr<*to  pour  sun  propre  coinpte  des  produits  ou  des  fernionts  sp«'oia»ix 
(^ui  soul  verses  datis  le  sang  et  qui  viennent  influencer  par  rinterinediaire  de 
oe  liquide  totttee  lea  antres  celluieii  randues  amsi  aolidaires  les  unes  des  autres, 
p*r  un  mdcaninme  autre  que  le  ayst&ne  nenreox." 

When  we  look  around  the  numerous  examples  <^  auch  influence  of  minute 
traces  of  Ruhstnnco.s  fi)rmo<I  l>v  <>no  or<»an  and  acting  on  oth»^r  or^fanfl,  wf»  not<» 
thu^t  Uiere  are  not  many  ho  detiiiile  a.s  tliat  of  secretin,  where  tiie  food  entering 
the  duodenum  causes  the  production  of  a  special  substance  which  enters  the 
blood  and  exdtea  the  pancnaa  to  pour  into  the  daodentrai  a  digeative  juiee^ 
and,  80  Car  aa  we  know,  doea  not  aot  on  any  other  organ  except  the  liver,  wfaoae 
aeorction  is  an  atljuvant  to  that  of  the  panrrpns. 

Oley  (1911,  p.  19)  rightly  calln  Jittrritio!?  the  fact  that  sotno  f>f  ihf* 
substances  which  act  like  hormones  in  laudifymg  liie  activity  uf  distant  organs, 
snob  aa  carbon  dioxide  on  the  respiratory  centre,  are  really  produeta  of  the 
ordinary  metabolism  of  cdls,  and  are  not,  like  aeoretin,  produced  for  a  apeoific 
j>nrfK>.Ho.  Thn  delicate  ^onsibility  of  a  particular  norve  centra  U)  carlK^n  dioxide 
must  be  supp<Kso(l  to  ix?  an  aflaptatioTi  dovcloped  in  the  course  uf  evolution. 
Glcy  suggests  calling  these  latter  substances  ** pttrahormaiies."  Ue  also  points 
out  the  oonvenienoe  of  a  name  Imr  that  claaa  of  hormonea  whieh  influence  growth, 
and  propoaea  that  of  karmottmM  (from  Apfii6(<i»,  1  regulate  or  direct). 

When  distinction  is  roc|uire<l  between  the  diffierent  classes  of  hormones,  these  names 
appear  satisfacUtry.  On  the  other  hand,  the  distinction  wade  by  Schiifer  (191  A)  between 
substances  which  excite  (hormones)  and  those  which  depress  (ohalones)  activity,  seems 
unnecessary,  as  also  the  name  "autacoid"  to  include  both.  If  we  interpret,  as  we  an* 
justified  in  doing,  "excitation  to  activity  "  as  being  eauivalent  to  "brins;(ng  into  play  an 
tnflaenoe  on  cell  proeesses,*'  this  inflnenee  may  be  of  mien  a  natnre  as  to  inhibit.  Moteover, 
Much  a  typical  hormono  ;u<  a<lreiialint>  cxcit^'s  IiIimxI  vesseUi  t<»  i  nf r:\otion,  but  inhiliits  the 
miisoular  ooat  uf  the  intestine,  fM>  that  it  is  both  bormoue  and  chalune,  aooordiog  to  the 
particular  way  in  whieh  the  sympathetio  end  organ,  on  which  it  sets,  terminates  in  the  eelL 

Tlie  name  "internal  secretions"  baa  been  given  to  many  of  the  substances 
with  which  we  are  here  concerned ;  this  was  done  before  the  maoovery  of  aeereUn. 
The  faet  that  many  organs  drlivcr  the  products  of  their  activity  into  the 

hlcMMl  currf»nt  was  well  kuMwri  to  Claude  liernard  (1859,  ii.  pp.  411,  412),  find 
tho  naino  "  internai  siH  tctiori "  is  due  to  him.  The  pnxlucts  of  or^^ns  such  aa 
the  suprarenals,  the  tityroid,  and  so  on,  are  tho.so  to  which  tlie  name  is  given. 

Before  we  pass  on  to  oonaider  some  facta  in  relation  to  various  individual 
faormoncs,  the  considerations  of  Hopkins,  to  which  attention  w.is  directed  above 
(pajfo  20),  should  1)0  reraembiTf^^).  An  intcnne<liato  product  in  a  chain  of 
reaction.%  althouich  its  concentration  in  tho  system  at  any  piven  moment  may  he 
infinitesimal,  is  probably  of  great  importance  as  a  noc^essiiry  stage.  The  amount 
present  may  be  small  because  the  rate  of  the  reaotion  producing  it  may  be  alow, 
compared  with  that  of  the  reaction  by  which  it  is  cbanipBd  into  a  further  products 

Individual  Uobmones 

Secretin. — Ab  already  pointed  out,  the  pioat  typical  of  all  the  chemical  messengers 
is  that  which  causes  secretion  of  pancreatic  jtn'ce  whon  acid  enters  t  lit«  duodimum. 
This  mechanism  was  dosrril)e<l  in  a  previous  chapte  r  '  jin'_r«'H  341  and  34G). 

The  view  of  Popielski  that  the  cH'ect  on  the  |^);iiicrcas  is  merely  due  to  the 
preaenee  of  a  vaao-dilator  aobatanoe  ia  eaaily  dtaproved  in  many  ways.  Bayliaa 
a3A 
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and  Starling  (1903,  1,  pp.  336,  337)  showed  that  tlie  loll  of  blood  pnwore 

couUl  be  prevented  by  oxtmction  of  tlie  mucous  mcinbinne  with  ul  soluto  alcohol 
before  Iwiling  with  acid,  and  t.hnt  mid  rxtrads  of  desquamated  epithelial  ctlls 
of  th(^  intostino  luid  no  action  in  depressing  thf>  Ulo«>.l  prpssurr,  altliou^ili  v»"-t 
active  on  the  pancreatic  socrotion.  Recently  i^aunoy  and  Oeachiin  (iUlil)  have 
confirmed  this  ooncluRion  in  a  completely  convincing  manner.  Althoogh  the 
substance  acting  on  the  pancreas  is  sduble  in  90  per  cent,  alcohol*  it  is  iimnble 
in  h) isolate  alcohol.  Thus,  if  concentrated  aqueous  solutions  of  secretin,  prepared 
in  tiie  usual  way  by  the  nrtion  of  hydrochloric  acid  on  tlic  duodona!  niijcms 
mi'mbrano,  arc  poured  into  excess  of  absolute  alcohol,  a  precipitate  is  obtained. 
This  pim-esa,  suversU  iiuios  repeated,  results  in  the  production  of  a  white  powder, 
ea»ily  wilnblo  in  wat«r,  insoluble  4n  abaolttte  alcohol.  As  Fig.  2fil  shows,  It  has 
a  powfMful  se  n  tory  action  but  no  <lepreB80r  action  on  the  l)Iood  pressnre.  On 
the  other  hand,  the  alcoholic  mother  liquors,  mnrrntrate*!,  ^^ivo  a  powtler  of 
yi'llowisb  colour,  also  Kohd)!*"  in  water,  which  haM  a  powerful  cfltH  t  on  the  blood 
pit^ssuit',  together  with  a  very  small  one  on  the  secretion,  no  tloubt  due  t4i  smali 
amounts  of  secretin  left  unprecipitated.  From  the  work  of  Dale  and  Laidlaw 
(1910),  it  seems  more  than  probable  that  the  fall  of  blood  pressnre  is  doe  to 
/i-iiniiia/f  )lylotliylaininf'. 

As  yet  wo  have  no  deHnite  knowledge  of  the  chemical  natuic  of  stv-rotin.  Tt  is 
evidently  an  intensely  powerful  substance,  but  does  not  appear  to  have  a  \civ 
complex  structure,  since  it  is  diSbsible  through  parchment  paper.  It  is,  natnrslly, 
incapable  of  acting  as  an  antigen,  since  tbc  ]>ro<luction  of  an  aoti-body  in  tbf 
blootl  would  1x5  antagonistic  to  its  function.  The  statement  also  applies  to  othei 
hormones,  Tt  whs  suggeste^i  by  Hayliss  and  »SUirling  that  secretin  is  pro<lncofl 
by  the  action  of  acid  on  a  precursor  in  the  cells  of  the  raucous  membrane.  Tathis 
supposed  preenvaor  the  mme  **proBeeretin''  was  given.  A  certain  amowit  of 
discussion  has  since  taken  place  as  to  whether  secretin  itself  is  not  present  in  the 
cdls.  The  work  of  Stcpp  (1912)  shows  that  it  may  occasionally  be  present  in 
small  quantities,  so  tlsat  mere  extraction  witli  hoilini;  water  is  sometime** 
sutlieient  to  obUiin  solutions  of  active  secretin,  us  was  indeed  ftmud  by  liayliss 
and  Starling  (1902,  1,  p.  340).  In  most  cases  no  such  effect  was  obtained.  In 
certain  of  these  cases  it  was  found  that  the  slightly  alkaline  opalescent  solution, 
obtained  by  boiling  and  filtering,  eoni^iined  a  substance  from  which,  by  boiling 
with  acid,  an  active  secretin  was  obtaine<J.  These  results  indicnt^'  that  the  cells 
usually  contain  a  pi-eitursor,  but  it  is  not  surprising  to  lind  that  it  should  some- 
tiiiics  happen  that  the  secretin  produced  by  action  of  acid,  etc.,  on  Uiese  cells  luis 
not  completely  paftsed  away  into  the  blood  stream.  Stepp  also  comes  to  the 
conclusion  that,  however  prepared,  secretin  is  one  and  the  same  su  Instance.  He 
gives  a  method  by  which  a  pennanont  dry  preparation  can  obtained,  which  i« 
similar  to  that  of  Launoy  and  Oeschlin,  but  giving  a  better  yield  by  the  use  of 
ether  to  precipitate. 

The  method  of  preparation  of  ver}^  active  solutions,  worked  out  by  Dale  and 
jUudlaw  (1912,   1),  depends  on  the  fact  that  mercuric  chloride  precipitates 

seeit^tin  as  a  merctiry  compound,  soluble  in  dilute  acids,  insoluble  in  neutral  or 
weakly  alkaline  reaction  ;  it  may,  however,  merely  l)e  held  in  adsorption  bv 
a  8ul)stauce  having  these  propertied.  In  this  metiicKi,  a  large  amount  of  impurity 
is  stopped  at  the  outlet.  It  was  easy  to  obtain  a  preparation  of  which  1  ac. 
proiluced  8*5  o.c.  of  juice. 

We  may  next  consider  briefly  some  results  obtained  by  Lalou  (1912,  1). 
R'lyliss  atid  Starlin^:^  noted  the  fact  that  solutions  of  secretin  inlnxUic^nl  into 
the  lumen  of  the  guL  faii»?tl  to  excite  the  pancreas,  ilenco  the  agents  causing 
the  production  of  secretin,  when  they  are  mtroduced  into  this  cavity,  must  act 
directly  on  the  cells  and,  at  the  same  time,  enable  the  secretin  to  pass  into  the 
blood  vessels.  Lalou  calls  attention  to-  the  fact  that  vsnous  agents,  mtAi  as 
saccharose,  urea,  etc.,  produce  secretin  by  action  on  the  nnicons  membrane  in  tntro, 
but  do  not  excit^i  pancrejvtic  secretion  in  the  li\ing  animal.  Tt  has  not  been 
shown  as  yet,  howevei,  that  such  agents,  which  destroy  tlu)  cells  in  vitro^  really 
produce  secretin  in  them  in  the  living  state,  so  that  it  seem)  to  me  that  the 
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Fio.  251.    Action  of  sKcnKTiM  on  mr.  fi/iw  of  pancrfatic  jnim. 

In  both  trarinifs,  the  top  lino  rejfinUTH  the  drops  of  Jiiiw  fivltint;  from  a  oanula  in  the  pAncrcatir  duct. 
Thp  curve  t>vlow  it  ihowii  the  arterial  preiKure.  with  scale  iu  centimotreii  at  the  siilc. 
In  the  upfwr  trarint;,  time  i«  nhown  in  niinutea  liolow  the  drop  r€«c«rder. 

The  upi»er  trwintr  tthows  the  olTwt  of  ikH-retin  from  which  the  deprciwor  mitiHtanoc  hod  iK'en  rrmoved  by 
e\tri»<'ti()n  with  alcohol  in  the  ntanner  de?tcril»ef|  in  U»e  text  (l>a(^  Tliere  in  no  fall  in  l.loo<l 

pressure  hut  a  vii^orftuM  flow  of  jui<'e. 

The  lower  tnu  in^  mIiowk  the  elTe<:t  of  the  depreivtor  milt«tanoe  cxtnutted  from  tho  raw  M<>r«-tin.  It  Nlill 
oontaineil  a  certain  amount  of  the  active  wvretin.  Tliere  is  a  lar^-  and  pro|once<l  fall  of  Mood 
(ireMnirv,  probably  du«  to  ^-iiutiiaaulylethylaiuine,  but  only  a  mudl  MM.-retory  effect. 

(Lauiioy  ot  Occhsliii,  1913.) 
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distinction  drawn  between  excitants  such  as  hTclrochloric  acid,  which  enable 
•ecretin  to  be  absorbed,  and  those  above  named,  which  produoe  it^  but  withoot 

enabling  it  to  be  absorlKjd,  is  not  a  valid  one.  In  a  further  paper  (1912,  2) 
I/jilnii  investigates  the  l)t']iavifmr  of  socn^tin  towards  chemical  a;^onts  with  a  view 
to  oiucidatinc^  its  nature  The  most  interesting  fact  is  that  it  i.s  rapidly  df^troyed 
by  pancreatic  and  j^jwilnc  juices,  by  erepain  in  neutral  ttolutiun,  and  by  {mpain. 
In  connection  with  this  fact^  a  discovery  by  Deleoenne  and  Posserskt  (191*2)  is 
of  interest.  They  showed  that  extracts  of  various  tissoes  containing  erepsin, 
especially  tho  mucous  mpmbmno  of  tho  intesh'no,  lirvvo  a  powerfully  doHtructive 
action  on  secretin.  Thi8  fact  has  to  be  kept  ii\  mind  when  extracting  tho  mucouj* 
membrane  with  cold  water. 

Gloy  ( 1 9 1 2)  gi  vos  a  classifieatioii  of  the  various  chemioal  excitants  of  panereatic 
secretion. 

The  complete  proof  that  socroti!!  is  present  in  the  blood  of  an  animal  after 
tho  introduction  of  acid  the  duo<lenum  was  ^ivon  simultaneously  by  Fleig 
(1903)  and  by  Enriquez  and  HaUtim  (1903),  who  found  that  the  blood  of  a  dog, 
in  which  pancreatio  seoretion  had  been  Indaoed  by  the  introdaction  of  aoid  into 
the  dnodennni,  was  capable  of  produfung  activity  of  the  pancreas  in  a  second  dog. 

Gtuitric  Secretion. — The  observations  of  Pavlov  showed  tli  it  the  introdoction  of 
meat  into  tho  stomach  caused  secretion  in  an  iRolat<»d  .<>niall  st/Oinach,  evon  when 
nervous  influences  were  excluded,  likikins  (1907)  showed  that  extmctH  of  the 
pyloric  mucous  membrane,  made  in  various  ways,  but  espocially  by  the  action 
of  d<uctrine^  caused  increased  formation  of  an  acid  gastric  juice.  Maydeir  (1913) 
confirmed  the  faot»  in  so  far  as  that  Sttbcutaneons  injection  of  extracts  of  pyloric 
mucous  membrane  brought  about  increased  sfX  T-etion  in  a  dog  with  a  chronic  gastric 
fistula  Tho  most  active  preparation  was  found  to  be  made  by  extracting  pyloric 
mucous  membrane  with  0*4  per  cent,  hydrochloric  acid  at  ordinary  temperature. 
Immediatdy  before  injecti<m  this  was  neutralised.  Bxti^acts  of  other  parts  of 
the  stomach  or  of  the  duodenum  were  ineffective.  Comparing  the  properties  of 
the  juice  obtained  from  the  same  animals  by  "sham  feedinii;,"  that  is,  the  juiee 
obtained  by  natural  stimulation  of  the  vagus,  the  acidity  was  found  to  1mi  about 
Uio  same;  the  digestive  power  was,  however,  considerably  less  in  secretion  obtained 
by  chemical  agency.  Bfaydell  was  able  to  obtain  a  dry  active  preparation  by 
the  application  of  Stepp's  method,  descrilied  above  for  the  pancreatic  secretin. 

AarenaliH^. — Brief  reference  has  Ix'on  made  aliearly  to  the  action  of  the 
product  of  activity  of  the  suprarenal  glands.  Tho  fu^st  investigation  of  the 
properties  of  this  substance  wiuj  made  by  Oliver  and  Schitfer  (l^^^G),  in  so  far 
as  concerns  extracts  of  the  organs.  They  showed  also  that  the  pressor  substance 
is  contained  in  the  medulla  only.  The  active  principle,  adraoAline^''  was  isolated 
by  Takamine  (1901)  and  found  to  be 

H0<^  ^-CHiOHlCHtNHCH^ 

and  may  be  regarded  as  a  methyl-amino  derivative  of  pyrocatechol.  Since  this 
contJiins  an  asymmetrieal  carbon  atom,  there  are  two  optical  isomers.  Tn  tbe 
suprarenal  glands  the  l  iovm  •>nly  occurs.  The  racemic  mixture  iias  been  pre- 
pared synthetically  by  Stol/.  (iUi)7),  and  found  to  be  rather  more  than  half  as 
active  as  the  natural  form ;  hence  the  <l-isomer  is  much  less  active  than  the 
/-isomer.  Afi  instructive  case  of  similar  difference  of  activity  in  optical  iaomera 
will  Im'  l  efri  red  to  in  the  case  of  hyosrino  on  a  lat^^r  paije. 

Tho  Hiuiilarity  of  the  structure  i»f  iidrcnaline  U>  that  of  tyrcKiine  or  homogenti.sic 
acid  (see  page  432  above)  will  be  noticed,  and  it  has  been  stated  that  the 
suprarenal  gland  mixed  with  tjrrosine  in  vitro  is  able  to  produce  adrenaline  from 
the  aminoacid ;  but  further  investigation  failed  to  confinn  the  statement. 

The  occurrenct!  of  adrtMialino  in  the  secretion  of  the  "parotoid  "  ^dands  of  a 
toari,  describe<l  by  Alxd  and  Macht  (lOl.'t),  indicit'OS  that  it  may  be  a  more  or 
leas  accidental  product  of  metabolism  in  its  first  appearance. 

It  is  an  intensely  active  substance.  Pysenisky  and  Kravkov  (1912),  'in 
perfusing  the  ear  of  the  rabbit  with  Ringer's  solution,  to  which  adrenaline  waa 
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added,  found  that  one  part  in  two  hundred  and  hfty  uuiiiouti  of  the  saline 
eolntioii  oottld  be  detected.  ' 

The  cells  which  secivte  adrenaline,  that  is,  those  of  the  medulla  of  the  glands, 
st-ain  a  brownish  yellow  colour  with  potassium  bichromate  ;  hence  the  name  ^^ven 
to  them  of  "  (Jin  oniaf!ine "  tissue.  Similar  cells  are  found  throu«;hout  the 
vertebrate  kingdom  in  various  situations.  In  the  lamprey  the  system  is  arranged 
s^l^eDtftlly.  The  reactioii  is  also  given  by  certam  nerve  celts  m  invertebrates, 
and  J.  F.  Qaskell  (1914  and  1919)  points  out  that  the  presence  of  such  cells  is 
correlated  with  the  development  of  a  coritnictile  vascular  system.  In  the  leech, 
each  segmental  ganglion  contains  six  chromafline  nerve  eells,  and  the  contractile 
vascular  system  consists  of  a  series  of  segmental  units,  each  under  the  control 
of  a  segmental  ganglion.  The  chromaffine  cells  contain  a  substmce  similar  to 
adrenaline,  and  the  oontractUe  vessels  react  to  adrenaline  as  diose  of  the 
vertebrate  i^o.  There  appears  ihon  In  some  close  connection  between  these 
chromaffine  nerve  cells  and  those  of  tlx  ttudulla  «if  tin-  suprarenal  IxxJies;  more- 
over, the  relation  between  the  action  uf  adrenaline  und  the  sympathetic  system, 
already  spoken  of,  showa  a  further  connection.  J.  F.  Gaskell  suggests  that  the 
chromaffine  nerve  cells  of  the  invertebrate  a^e  the 'comoKm  ' ancestors  of  the 
adrenaline-secreting  chromaflinc  system  and  the  sympathetic  nervous  system  oi 
the  vertebrate.  Tlius  we  find  the  contractile  vascular  system  regulated  both  by 
the  sympathetic  nerves  and  by  secretion  of  adrenaline. 

Inrther  evidence  is  found  in  the  mode  of  development  of  the  medulla  of  the 
suprarenals.  As  Balfour  showed  (1878,  pp.  242-245).  this  has  the  sjime  origin  as 
the  sympathetic  system,  and  Kohn  (1902  and  1903)  snowed  that  the  development 
of  these  cells  of  tlie  medulla  is  frnrn  a  series  of  ijroii|is  of  cells  in  conne<*tioti  with 
the  sympathetic  along  the  bo<ly  ax  is.  Hudiments  remain  for  some  years  in  scattered 
situatiims,  as  along  the  aorta  and  to  fonn  the  carotid  gland,  but  the  main  mass 
becomes  the  suprarenal  ganglion,  or  medulla  of  the  suprarenal  body.  The 
scattered  remains  are  called  paragarujlia. 

We  have  seen  that  one  of  the  characteristics  of  tlie  sympathetic  outflow  is  the 
connection  of  e^i^li  fibre  witli  a  cell  lK3fore  passing  on  to  its  destuiation.  Now 
Blliott  (1913,  2)  has  shown  that  the  supply  to  tlie  adult  suprai-cual  gland  has  no 
cell  station  previous  to  the  colls  of  the  medulla  themselves,  a  furtlier  fact  in 
evidence  of  the  similarity  of  these  cells  to  those  of  the  sympathetic  ganglia. 
Elliott  (1913,  1)  points  out  that  tlicie  are  two  types  of  cells  to  which  the 

Sympiithetie  fibres  from  the  s})inal  cord  j)ass  :  — 

(I)  The  sympathetic  ganglion  cell,  which  is  distally  unitetl  to  the  plain  muscle 
cell  by  its  axon  process,  and  so  provides  a  path  for  the  nervous  impulse. 

(i)  The  nuHluIlary  or  parnganglion  cell,  which  is  not  in  connecticm  with  the 
muscle,  but  is  e(jually  innervate<l  from  the  spinal  cord,  and  secrete  s  a  fluMnical 
substance  irit  i  the  bltHtd,  which  cau  produce  au  identical  stimulation  of  the  muscle 
through  its  niyo-neural  junction. 

These  may  have  been  originallv  identical,  and  the  liberation  of  adrenaline  an 
essential  part  of  the  nerve  impulse.  But»  at  tiie  present  time,  the  fiaraganglion 
cell  secretes  adrenaline,  which  maintains  the  smooth  muscle  in  a  state  of  ex- 
citability, ready  to  react  to  the  nerve  impulses  from  the  sympathetic  fibres. 
Jfilliutt's  general  scheme  is  reproduced  in  Fig.  252. 

According  to  Elliott  (1911)  the  vaso-constrictor  fibres  of  the  splancluiic  nerve 
lose  their  excitability  after  removal  of  the  supraroials.  It  would  appear,  therefore, 
that  the  presence  of  adrenaline  is,  in  someway,  necessary  to  the  ai^vity  of  the 
vaso  constrictor  meclianism.  It  will  be  remembered  that  all  the  nerves  of  this 
kind  are  of  sympathetic  origin. 

Fascinating  as  this  scheme  is,  there  are  some  minor  points  which  arc  not 
oompletely  cleared  up.  The  sweat  glands,  altliongh  innervated  by  tiie  sympathetic, 
are  not  excited  by  adrenaline.  Further,  we  have  sin  n  that  the  presenc  e  of  the 
suprarenal  bodies  is  not  necessary  for  the  pr<xluction  of  vascular  constriction.  It 
may  well  be,  however,  in  this  latter  case,  ib&i  the  loss  of  excitabili^  does  not  take 
place  rapidly. 

The  dilator  action  of  adrenaline  on  tbo  capillaries  seems  to  be  an  effect 
independmit  of  its  relation  to  the  sympathetie. 


uiyiii^cu  by  GoOglc 


718         PRINCIPLES  OP  GENERAL  PHYSIOLOGY 


Fm.        EuMn't  DU«tRAif  w  nut  ■miBBVT  Nntvn  nou  ma 

OKITRAL  KCBVOUB  8T8nM  tM  TBK  HAMIUL 


A,  The  non-^ansUonatcd  ordinary  motor  nenrw  to  llrillMl  mnacle,  which  are  divtrihuted 
wepinfntalO'  only.  On  the  li*ft  w<U>  thfw  arc  omitt«n  for  Ritnplicit.y,  itnd  only  the  auto- 
111  ■iiii''  or  ^Mii^rll'inaff^i!  viw  i  r;il  itrr\  i  -  to  pliiiii  mil"><  ti'  iirc  iti(lic;it<  <l. 

0(  theM',  Jt  i»  the  cranio-wrvuiHl  <»iiU1(i\k  in  tin-  v.ic"".  ••i<'  :  ('.  Hie  thiinu'ieo-iuiBbM  Of 
Kyni|)Athetic  pro|ter ;  D,  thv  satTnl  •>uttlo\^  ,  or  |M  h  i<'  \iM  (  r;kl  ti< Tvr<  to  t)ie  bladder  and 
»'^>lon.    All  tnwie  HnlMlivuions  ctmtain  l»oth  excilalorN  ami  inJiitniory  ncrie*. 

C|  is  thr  RvTn{iaihetio  irnni;linn  <<ell ;  C,  Die  paraffunglion  e<  II,  r^i-iTetintr  ndrvnalinc,  the  chief 
mam  ot  ihcw  Xtc'ing  concentrated  to  form  the  medulla  of  the  adrenal  (fland,  thou(;h  « 
few,  even  in  aihilt  life,  may  be  found  elsewhere  in  relation  to  the  varintiH  Hymp^hctJe 
pwigtia.  Hie  black  reoUogle  innenrsted  by  tb«  nerrw  from  tlw  cells  C|  rairawnU  the 
nwM  of  fdaio  mniele  which  1»  nbo  aUnalatod  bjradwittliiM^  ttikt  It,  Iqr  the  McrcUoa 
of  C. 

Afferent  ^ifumry  iicrvM  uid  their  twwterior  root  iranfrii*  wc  all  cmtttcd  from  the  Hkgttm. 
Tbeir  oounw  Irom  the  vlaoer*  is  not  clearly  known 

(Elliott,         I,  p.  313.    "From  Brain.") 
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Elliott  (1912)  has  shown  tliat  the  various  stjiU's  associatwl  with  stimulation  of 
W\e  ttplancliDic  nerves  cause  discharge  of  adrenaline  into  the  blood,  causing  rise  of 
l^ood  pressure,  and  the  otiber  results  of  sympathetic  stimiilation.  Such  stotes  are 
fright^  angetthesia^'atimulation  of  aflEbrent  nerves^  and  so  on.  llefercnco  to  the 
work  of  other  obKervers  will  be  found  in  the  paper.  Thoee  of  Cheboksattiv  (1910) 
auifl  f\ui?ion  (!015)  nijiy  ho  especially  mentioned. 

(Suppose,  then,  that  a  drug  is  given  which  stinmiaLes  the  splanclinic  nerves. 
It  is  clear  that  the  effects  obtain^  will  be  combinations  of  those  of  the  drug 
itself  with  those  of  the  adrenaline  sent  into  the  blood.  Dale  and  Laidlaw 
<  1912,  2)  have  found  that  nicotine  and  pilocarpine  produce  effects  of  sympathetic 
stimulrttion  on  the  cat's  uterus  in  sitn,  but  not  when  excise*!.  Also  flK*  eHirt  of 
riicotin*'  in  cuusinj,'  dilatation  of  the  pupil,  afh^r  the  sympathetic  supply  hatl  boon 
cut  off,  was  found  to  be  absent  if  the  supi  atonal  bodies  were  excluded  from  the 
cnrcnlatton.  The  glycosuria  produced  by  puncture  of  the  floor  of  the  fourth 
ventricle  is  probably  also  due  to  secretion  of  adrenaline. 

Althouj^h,  under  exj^H-rimcntal  conditions,  there  scorns  to  Ix*  no  doubt  that  the 
blood  of  thi;  .suj)rar('nal  vein  contains  more  adrenaline  tli-m  that  of  the  Hif^-ry, 
some  discussion  has  arisen  as  to  whether  the  normal  blood  pressure  is,  under 
normal  conditions,  maintained  to  any  extent  by  a  constant  inflow  of  adrenaline. 
When  the  eflect  of  the  venous  blotjd  from  the  suprarenal  gland  on  the  arteries  of 
the  frog  is  compared  wiUi  that  of  known  concentrations  of  pure  adrenaline,  and 
this  ai,'ain  with  tile  amount  required  to  produce  a  permanent  rise  in  the  bhKHl 
pres.sure  uf  the  mammal,  it  appears  that  the  amount  sent  into  the  l)k>od  hv  the 
unstimulated  suprarenals  is  too  small  to  produce  any  perceptible  result.  Further, 
Trendelenburg  (1914)  was  unable  to  find  any  diflference  between  the  average  blood 
pieesure  in  cats,  nnansesthetised  and  quiet»  before  and  directly  after  removal  of  the 
suprarenals. 

Adrenaline  is,  then,  a  hormone,  used  only  for  .s[>ecial  purposes,  and  unlike 
souie  of  those  to  bo  mentioned  presently,  which  are  in  constant  activity. 

Th9  Cortex  0/  the  Suprarenale.^'BWiiM  (1913,  i.  p.  316)  points  out  the 
remarkable  fact,  although  it  does  not  appear  to  have  any  physiological  significance) 
that  so  many  ductlr'-s  'ilnndH,  the  pituitary,  suprarenals,  thyroid,  pancreas,  testis* 
etc.,  are  of  double  natm  1      This  rt-nclers  analysis  difficult. 

The  cortex  of  the  suprarenals  has  no  particular  relation  to  tlie  sympathcitic 
nerves.  The  presence  of  a  considerable  amount  of  a  lipoid  substance  appears 
to  be  an  indication  of  a  healthy  state  of  activity.  It  is  supposed  that  the  absence 
of  the  cortex  is  associated  with  the  bronzing  of  the  skin  in  Addison's  dis^uie. 
There  is  also  evidence  that  overgrr>wth  of  the  cortex  in  children  is  associated  with 
sexual  precocity  and  premature  adolescence. 

Canon  Duwide. — The  distinction  of  this  substance  as  a  parahomioiie  by  Gley, 
and  the  development  of  special  sensibility  on  the  part  of  the  respiratory  centre 
to  incr^ise  of  hytlro^jcn  ion  concentration  in  the  blooil,  caused  by  its  presence, 
have  been  ali^eady  n  forre<l  to.  The  work  of  Tra.sst-llmlclt  -uid  Lundsgaard  (lUll), 
and  of  Hasselbalch  (1912),  may  be  adrled  as  containing;  the  mo.<5t  awurat-n 
determinations  of  the  hydrogen  ion  concentration  of  the  blcKMi  in  connection 
with  stimulation  of  the  respiratory  centre. 

It  seems  very  doubtful  whether  (-ai1>on  dioxide  has  any  )>articular  funcUon 
as  a  hormone  in  any  other  respect.  The  *'acapni  r'  f  ^hisso,  as  responsible 
or  mountain  sickness,  has  Ix  ^n  sliown  l»y  Haldajic  and  liis  co  workers  not  to 
ue  the  correct  explanation.  Yuiuicil  Henderson  ha8  published  a  series  of  paiH^rs 
in  the  American  Journal  of  PkyMoffy,  from  1908  onwards,  advocating  the 
importance  of  carbon  dioxide  as  a  necessary  constituent  of  the  blood,  and 
explaiiuni;  various  phenomena  as  being  due  to  its  too  small  concentration.  In 
so  far  as  its  removal  reduces  the  optimal  hydrojren  ion  concentration  for  numerous 
proce8.ses,  this  removal  has,  of  course,  an  injurious  eftect.  The  evidence  that  other 
apparent  efiEects  cannot  equally  well  be  explained  in  other  ways  is  not  very  strong. 

The  ReproducHve  Orgwis. — It  hag  been  known  for  centuries  that  removal  of  the 
sexual  glands  produces  pr<»found  changes  in  the  organism.  But  it  is  only  com- 
panitively  rceontly  that  exact  ohs(>r\ ations  have  been  marie  on  the*  plier>o?»ienn. 

i:'erhapa  the  most  striking  results  to  coiniuence  our  brief  study  with  are  those 
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of  fciteinach  (1910).  If  the  testes  are  removed  from  frogs,  the  "clasp  reflex" 
18  ftboKshed.  Of  ooune,  tho  norvB  oonti'os  ootic6niQcl  renmiii,  and  it  is  noi 
SQiprising  that,  after  some  time^  indications  of  the  reflex  may  return.  Tb» 

sbBenoe  of  it  might  depen<l,  liowevcr,  on  tlio  a])s«'nce  of  afTcroiTt  iicrvous  inipwlH<>« 
from  the  testes.  Steinach,  tiien,  took  a  number  of  castrated  froj^s  and  t<'ist<'(i 
for  several  consocutivo  days  whether  the  retlex  could  be  evuked.  Having  fouud 
that  it  could  not,  he  injected,  into  the  donal  lymph  sac,  the  safastiuioe  of 
testes  of  frogs  which  had  shown  a  marked  reflex.  After  about  tweU'e  to 
twenty-four  Iiours  {}w  reflex  began  to  appear,  readied  a  niaxitnuin  in  twd  r);ty<. 
and  (lisappeiired  in  three  to  four  days,  bnt  rnnld  be  brouglit  back  by  rcuowe*! 
injections,  increased  excitabihly  lu  uuy  other  reflex  could  bo  detected, 

and  it  was  noticed  tiiat  the  peripheral  receptors,  tiie  swellings  on  the  thumbs, 
were  enlarged  after  injection  of  testicular  material.  The  efiect  of  the  testia  of 
the  same  species  is  the  greatest,  but  it  is  not  strictly  specific,  since  that  of 
Rnna  fv?ra  will  act  on  R.  esciUenfa.  The  result  was  still  more  marked  in 
cases,  about  4  to  b  per  ceiit.  of  the  frogs  caught^  where  the  reflex  was  naturally 
absent.  Steinach  believes  that  the  action  is  exercised,  primarily,  on^e  central 
nenrons  system,  since  injections  of  nervous  matter  from  normal  males  canaed  the 
return  of  the  reflex  in  castrat<-(l  males ;  while  the  central  nervous  system  of 
castrated  males  had  no  such  effect.  The  testes  of  male®  for  two  or  three  months 
after  the  brct^din*:^  season  were  devoid  of  action,  so  that  the  hormone  is  former! 
periodically.  It  is  supposed  to  act  by  depressing  the  activity  of  centres  which 
inhibit  that  for  the  cusp  reflex. 

Further  experiments  were  made  on  rats.  Fitidin*^  that  feeding  with  testis 
material  was  ineffective,  autoplastic  tran'^plantation  in  animals  of  three  to  six 
weeks  old  was  performed.  The  te.stis  was  removeH  U>  various  positions  on  the 
inner  surface  of  the  abdominal  muscles  in  some  animals,  and  removed  attngetbcr 
in  other,  animals.  In  the  latter,  no  development  of  vesicnlie  seminales,  proatate, 
nor  penis  took  place.  In  those  in  which  the  transplanted  testis  grew,  tbe 
development  of  the  orp;ans  named  was  indistinguishable  from  that  (jf  normal 
inales,  arul  the  animals  Ix'haved,  sexually,  just  as  these.  The  hormone  concerned 
did  not  arise  from  the  generative  cells  themselves,  because  they  were  not  developtxL 
in  the  ttmnsplanted  testis,  whereas  the  interstitial  snbstanoe  was  fully  developod. 

Interesting  observations  have  faeen  made  by  Marshall  and  Hammond  (1914) 
on  the  effect  of  removal  of  the  testes  in  Herdwick  rams,  where  the  t»peration  is 
found  to  stop  the  growth  of  horns.  It  is  shown  in  these  experiments  tliat  the 
theory  of  Geoffrey  Smith,  according  to  which  the  effect  of  the  testes  is  not  due 
to  a  hormone,  but  to  a  process  explained  by  Khrlich's  side-chain  Uieory  of  the 
production  of  antitoxins,  does  not  hold. 

Tumiog  to  the  female,  we  find  interstitial  tissue  in  the  ovary,  as  we  hjiw  in  ilie 
testis,  to  which  the  develojitnent  of  sexnal  characters  is  apparently  due.  The 
changes  taking  place  in  the  first  stages  of  pregnancy  have  been  Jihown  by  variousi 
observers  to  depend  upon  the  development  of  the  corpora  lutea,  which  are  formed 
in  the  place  oif  the  Graafian  fbUielee  after  tbe  ova  have  been  extruded.  The 
reader  may  be  interested  to  examine  Figs.  353  and  254,  which  are  co}neil  fn>ni 
Tlen«»  de  Graaf's  drawings  of  the  follicles,  which  he  (h's«'ovcred,  nnA  of  the 
corpora  lutea.  The  effect  of  the  latter  on  the  development  of  the  mammury 
glands  will  be  considered  in  the  next  aection.  In  thin  place  we  may  refer  to 
the  work  of  Ancd  and  Bouin  (1910),  who  showed  that  the  growth  of  the  utema 
is  dependent  upon  that  of  the  corpora  lutea,  since  if  these  latter  are  formed  in 
any  way,  the  first  stagew  of  the  uterine  hypertrftphy  occur,  althoui^h  there  mav 
be  no  pregnancy.  In  this  latter  case  the  uterus  returns  to  its  original  state.  If 
the  Graafian  follicles  are  ruptured  artificially,  it  is  found  that  the  uterine 
hypertrophy  occurs,  but  only  when  a  corpus  luteum  is  formed.  Farther,  if  the 
corpora  lutea  are  destroyed  by  the  cautery  when  uterine  hypertrophy  has 
become  obvious,  the  hypertrophy  ceases  to  increase  and  rapidly  disappears. 

From  the  experiments  of  IMarshall  and  Jolly  (1908)  and  those  of  Nattrass 
(1910),  it  follows  that  a  transplanted  ovar^,  when  it  continues  to  live,  ia  capable 
of  maintaining  the  sexual  characters  of  the  mdividual. 

With  regard  to  transplantations  of  the  ovary,  Qutfarie  (1908)  believes  thai 
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Fio.  253.    Rkonikk  i>r  (Ikaaf's  fksuiuc  or  thb  ovary  or  the  row  RRroRR 

COtTITS,  CONTAININO   KII'K  OVA  IN  GUAAriAM  FOLUCLNS.  — His  desurip- 

tion  of  the  figure  is  as  follows : — 

"  Rxhibet  Testiculum  sive  Ovarium  Vocvimim  n^tertum,  prout  itlud  Mxite  ooituiu  obaerTari  aoleC 

A  A,  Tealieuluii  BtrouiHluin  longitudinfiii  aixrluit. 

B,  Utruni  inaxitnum  hcu  inaturum  in  TMii<nilo  lulhue  conlvntum. 

CC,  Ora  minora  hcu  immatura  in  Testicuto  hnrcntia. 

DD,  Mrmhrana  Tratioiiloruin  IhirUw  ap))dlata. 

E,  Ovum  maximum  c  Tfstirulo  cxemptum.  •  ^ 

F,  Tuba*  Kallopianv  membranoaa  cx|iansio. 

O,  Forainen  coarctatum  in  Tubat  extremitate  exist«iu. 

B,  Tuba  FulioplanB  extremitaa. 

//,  Tubs  para  rciiqux 

K,  Oornu  aterini  ]ian  abwima. 

L,  TdbiB  Ligamentum  in  bominibus  alia  vespcrtilionum  amimilatum." 

(Regnier  de  Graaf,  1677,  Tab.  decima  quinU.) 
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FlO.  254.     ClIANOKS  OCCITRRINO  AFTEK  POITUS.     FORM  ATION  Of  CORPrS  U'TEUM. 

"  VftU(!»  et  Ovis  Ovarium  exhil>et,  ut  eo,  i|uw  jioat  ivitum  in  illis  eveniunt.  coiis|>i<.'iiUitur. 

Fi|f.  I.    KxliitN-t  Tosticuliim  Vai-i-av 
A,  TfMtic'iiluM  MN-uiiduni  loii)ftiiiiiliictn  a)HTtiH:  ISB,  (tlaiHlnloHa  MilMlaiitin,  i|u:<i  |ioKt  Ovi  cxtiul- 
iiiont^iii  ill  Trflilnii*  n  jH  Titnr,  \h;t  iiitHliiiiii  tliviKi ;  CC,  »'avitA>.  in        Ovum  iitnt^-nlum  (iiit. 
frrc  »l«olitM ;  /'/>,  Ova  ilivrnKit  mni.''ii)tuHiiiiM  in  Ovario  ••"nU-ntA  :  KK,  Vwia  winiftiinrw  •rl 
Ova  exrurrcntia  ;   F,  T\iUa>  Fallo|ii(iiiiit  inciiibrnrujMa  c-x|nn!iio  (xniiplicata  ;  G,  Kunuiicn  in 
exlmnitatc  Tultanim  cxiHl^^im  ;  B,  TiiliU!  Fiillopiaaa)  imnt  ab-wriiwa. 
Fijj.  II.    KxliiU-l  Tej»ticuhim  iitiiliiiit  ii]M  ituin. 
A,  Tc«ti<  u!uf» ;  //,  tJUmliihw*  KultyUntia  extra  Twtliculum  pnitulnTiinw ;  C,  Kornmcn  in  ejiu 
mcilid  oxi»U*n!» ;      Tulw  Fall<i{iiaii:i-  m«'nil>ranow  exiwuHionU  |M»rtin, 
in^.  III.    ExhibetTrstiruium  Ovillum  i-um  t.raiis)iarfnlil)U8  0via  iit-cilum  maMCMilinoHcminr  irroratis. 
F\g.  IV.    Exhil>et  frlamlulowun  globulorum  HulmtAntiam  cx  Ovis  Testieulo  cxcmptain  proul  Ovum 
wihuc  fontinelmt. 

A,  OUnduhm  ^loltuli  sutrntantia  a(la|>erta;  B,  Locus  ex  quo  Ovum  fxeni|>tum  rat;  C.  Ovum  cx 
e*t  i>\rnipttnn. 

FIjT.  V.    Kxbilvct  Ttntiriilum  Ovis  ex  iiuo  Ovum  a>i  aliipint  dipluis  expulmim  fiiiL 
A,  T»'«ti«  iilu«  jMT  mwlin  <livi<<UH:  ft,  OluruliiloHa  ^'Inlitiionnii  HiiKstaMtia  rtnn  cavitale  ma  ^<ro« 
pi-in<Mlum  alKtlitu;  Tt'.  Ova  «Iiv«  r?*4i'  inatrnitnilini!*  in  Ti->tinni  t(ii|>frflcic  hten-ntia ;  f>i>,  Va«0 
sanguinca  ad  Uva  cxcurrcnlia ;  £,  Li^'unu  nti  Tcstirulonun  |Mirtio." 

(Ki^gnicr  dc  Uraaf,  1677,  'Jab.  Uucinm  quarU. ) 
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he  has  obtained  evidence  that  the  "faster-mother"  has  an  influence  on  the 
ofikpring.    He  took  hens  of  block  and  of  white  liCghoru  varieties,  which  were 


Ym.  255.    Gkowtii  or  diammary  glaku  of  rabbit  causko  by  formation  of  corpus  i.ctkum. 

A,  Two  jrland»  o\  the  %iivin. 

B,  Two  tflamls,  Ave  ttays  after  coitus  not  rfsultiiit:  in  (crtiIi»tion. 

C,  Two  (r1an<i"     vliyin  ni»»l»it.  (our  days  ei(,'hteen  hours  after  apjiearanoe  of  corjiora  lutea,  l»rovok«l  l»y  artiftcial 

rupture  of  the  follicles  with  scisMore. 

(Ancel  et  Buuin,  1911,  Figs.  1,  2,  and  3.) 

found  to  breed  true,  when  mated  with  cocks  of  their  own  colour.  The  ovaries 
were  then  interchanged.  Subsequently  they  were  mated  with  ctK'ks  of  tlie 
colour  corresponding  to  tlie  transplanted  ovary,  but  opposite  to  their  own  colour. 


;24  PRINCIPLES  OF  GENERAL  PHYSIOLOGY 


Tlic  majority  of  the  offspring  were  found  to  be  spottwJ.  For  instance,  when  the 
ovary  and  the  male  were  pure  white,  the  foster-mother  pure  black,  the  cliicken> 
had  black  spots. 

iShould  this  turn  out  to  bo  correct,  we  see  a  possibility  of  the  disputed  "  tranmuntA 
of  acquxrtd  characUr9"  since  the  body  of  the  mother  affects  the  germ  plasm.  In  respect  to  tht 
question  in  ueiieral,  the  remarks  of  •Sliattock  (1911,  pp.  20  34)  will  l>e  found  of  much  interest 
Hu  shows  that  the  callositiea  of  the  monkey  are  not  to  bie  attributed  to  troasmissicn  uf 


Fia.  256.    SEcnETioN  of  milk  in  tiik  cat,  produckd  by  injection  of  piruiTAiiY  exthact 

KKUM  TnK  FOWU 

I'ppcr  curvf,  blood  i»rcwi\ire. 
Top  Biirnal,  tiroiw  of  milk  secreted. 

MiiMIc  bii;nal,  injection  of  mlinc  t- xtract  of  ten  pituitary  gUndx  of  the  fowl. 
Bottom  si^tial,  time  iD  ten-8«coiul  int<:r>-alj. 

(Mackenzie,  1911,  Fig.  4.) 

a  character  arquireil  by  friction.  A  cuUoeity  acquired  in  this  way  is  not  transmitted,  bat 
has  to  be  regained  after  birth. 

The  Mammai'y  Gland. — The  growth  of  this  organ  is  closely  connected  with 
that  of  the  uterus  in  pregnancy,  so  that  it  is  not  surprising  to  find  that  the 
growth  is  affected  by  a  hormone  produced  in  the  corpus  luteum.  This  has  been 
shown  by  O'Donoghuo  (1911,  1  and  2,  and  1913)  and  by  Ancel  and  Bouin 
(1911).  The  artificial  production  of  corpora  lutea  by  puncture  of  the  Graafian 
follicles  is  followed  by  growth  of  the  mammary  gland,  as  shown  in  Fig.  255. 

Tlio  second  stage,  associated  with  secretory  activity  in  the  later  period 
of  pregnancy,  is  independent  of  the  corpus  luteum.    It  lias  beeu  ahown  by 
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Maokaniie  (1911)  that  the  gland  n  not  under  the  influence  of  the  nervoiu  system, 

but  that  extracts  of  various  nrrrans,  injected  into  the  })1«xh1  (Mirrent  of  a  e^t  in 
lactation,  ciiaso  socroiion  of  milk,  Tho  organs  found  active  wore  the  pituitary 
body,  the  corpuH  lutcuni,  the  pineal  body,  the  involuting  uterus,  and  the  tnaminary 
gland  itsolt  The  pituitary  body  is  by  lir  the  most  aetive;  the  substance 
respofisible  is  in  the  posterior  Iom,  and  Uiat  of  the  bird  is  c^mble  of  exciting  the 
mMnmary  gland  of  the  cat  (see  Fig.  256).  Tlie  fwtu!^  and  placenta  produce 
hormones  which  inhibit  the  gland.  Further  finnly^^is  of  the  action  of  pituiiary 
extmct  was  made  by  Hammond  (1913).  Tiie  eliect  ia  said  not  to  Ix?  due  to 
pressing  out  of  milk  by  contraction  of  muscle  iu  the  ducts,  Hince,  with  utlier 
evidence^  after  increase  of  secretion  there  is  no  sodden  drop,  followed  by  return 
to  the  normal  rate,  as  would  be  the  case  if  the  ducts  had  to  be  refilled.  l!he  daily 
yield  *if  t.'ofit'^  wtiH  found  to  bo  only  slightly  increased  by  injeetion.%  m  that 
pituiiary  t  xtnict  seems  to  act  by  setting  free  tho  constituents  of  the  milk,  rather 
than  U\'  closing  increased  formation.  The  theory  is  suggested  that  the  precursor 
of  milk-protein  and  lactose  (perhaps  a  glyco-proteinyis  oansed  to  take  up  water, 
become  iiydrolysed,  and  by  the  incree^ed  osmotic  pressure  cause  the  inflow  of 
water  to  the  cells  and  the  washing  out  of  the  fat  which  has  accnnudated  at  the  ends 
of  tho  colls.    Maxwell  and  K<'t!icr:v  ( 1  !)15)  regard  tho  effect  as  a  true  «M^cretory  <»ne. 

The  rUuiUiry  Body. — In  addition  to  the  effect  on  the  mammary  gland  and 
that  on  the  kidney  (page  359),  this  organ  has  other  effects,  especially  on  growth. 

The  gland  oonsists  of  two  parts.  From  the  posterior,  nervous  part  the 
hormones  above  mentioned  are  obtained,  together  with  one  which  excites  plain 
muscle  in  general  to  contraction. 

Tlie  anterior  part  secretes  an  eosinophile  material,  wluch,  according  to 
Herring  (190S),  passes  into  the  third  ventricle,  and  thus  into  the  cerebro-epinal 
fluid. 

Disease  of  the  gland  shows  it  to  have  a  powerful  influence  on  growth  and 

metjilx»lisn).  dishing  (1912)  reg  inls  the  state  of  acroniPi_'?dy  or  giganti<^m  as  due 
to  excossivo  activity,  and  that  ot  oU^sity,  with  eunuchoid  changes,  as  due  to 
fiulun;  of  pituitary  hormone.  The  results  of  experiuiental  interference  are  some- 
what in  dispute  as  yet. 

The  Thynnd  oUstnA, — ^Hore,  again,  aaalyms  is  difficult  because  of  the  double 
nature  of  thf>  or;::an. 

AKsi'tici^  of  tli\  i'oid  prevents  ^'mwtli,  and  produces  the  remarkable  stat*^  of 
niyxoedema,  a-ssociattHi  with  cretiniHiii.  Excess  of  the  honiioae  causes  Graves's 
disease,  exophthalmic  goitre.  In  both  cases  nervous  phenomena  are  met 
with. 

Oaskell  (1908,  Chapter  V.)  brings  strong  evidence  to  show  that  the  thyroid 
L'land  of  AmmocfPtes,  and  therefore  of  vertebrates  generally,  is  derived  ancestrally 
ftdin  the  uterus  of  the  original  pi^I^ostracan.  There  is  »till  a  connection  U't  ween 
the  generative  organs  and  the  thyroid  which  is  a  matter  of  popular  knowledge, 
and  it  seems  not  unlikely  that  remains  of  the  internal  secretion  may  have 
continued  when  its  original  function  ceased. 

The  most  interesting  fjict,  chemically,  with  regard  to  tlie  thvniid  is  the  high 
content  in  iodine,  whicli  appears  to  Ijc  prestnit  in  a  coiii[»iex  orgjuiic  ifwline 
compound,  uniteil  with  a  protein.  That  this  is  the  active  principle  is  .shown  by 
the  fact  that  the  effect  of  thyroid  substance,  which  is  active  even  when  taken  by 
the  mouth,  is  in  proportion  to  its  io<line  content  (see  Kendall,  1917). 

The  Parathyroid. — This  is  hehl  by  Paton,  b'indlay,  etc.  (1917),  U^  regulate  the 
metabolism  of  giianidine,  since  the  "tetany"  which  results  from  extirpation  can 
be  imitated  by  injection  of  guanidine. 

The  Thymus. — Oudernatsch  (1912),  by  feeding  tadpoles  on  thyroid  or  thymus, 
respectively,  obtained  precocious  metamorphosis  in  the  first  case,  retardation  in 
the  second  ease,  so  that  enormous  tadpcdes  resulted.  These  results  have  been 
confirmed  by  later  workers. 

'I'h<>  thvnius  ha.*?  thus  a  relation  to  gr«»wth.  Tt  is  large  in  the  ycmiig  animal. 
Ualiuui  and  Marsiiall  (1914),  however,  failed  to  detect  any  effect  when  the  gland 
was  removed  from  growing  guinea  pigs. 
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The  Intciiiai  ^'rr^Hon  of  Uia  Paiu^rcrtj^.-'Mci  inc:;  and  Minkovski  (188fi)  c))ow.^l 
that  uoinplete  removal  of  the  pancreas  invariably  resulU  in  severe  (iiaUtts 
mdlitiis.  The  animals  excrete  large  amounts  of'  glucose,  even  if  no  carbo- 
hydrate food  is  given.  They  show  great  hunger  and  thirst,  and,  in  spite  of 
lilieral  foo<I,  they  die  of  inanition  in  the  course  ol  two  or  tliree  wei'ks,  or  less. 
To  obtain  tins  tcsult  extirpation  must  bo  comidoff  :  one  fiftv  fifth  of  the  orijan 
Hutiicea  to  prevent  the  symptoms.  Since  total  extirpation  i«  ot  pnuiary  ini{v»rtance 
for  success,  the  excellent  method  of  removal  introduced  by  Hodon  (1910)  may  be 
referred  to. 

The  glycogen  vanishes  from  the  liver  in  pancreatic  diabetes,  and  althoagb 

the  glucose  coiitonl  of  tlie  hlood  m.iy  he  raised  to  0'8  per  cent.,  no  glycogen 
iH  storeil,  although  it  has  boon  atatod  that  fructose  may  give  nso  to  glycogen  in 
the  liver. 

The  meaning  of  this  great  loss  of  glucose  is  still  obseara  Inv^tigotioos 
directed  towards  testing  the  power  of  the  tissues  to  consume  carbohydrate  have 

not  been  able  to  show  that  tlie  power  is  entirely  wanting  (see  the  paper  by 
Patterson  ind  Starlinc;,  191.'*.),  altliouifli  it  seems  to  ho  diminished,  especially  in  the 
later  stage.s.  A.  H.  Clark  (lUlG)  found  that  the  addition  of  T><¥'ke's  .s<»liiti..ri 
which  had  been  perfused  through  a  normal  pancrea^s  always  I'esulted  in  a  greau-r 
Qtilisation  of  glucose  by  the  diabetic  heart 

Although  no  attempts  to  prevent  the  diabetes  by  the  injection  of  extracts 
of  y^arieroa??  have  Iwhmi  successful,  the  transfusion  expcrinie?\ts  <.f  Tlf  d  'M  (ll'l^^t 
show  that  the  j^lyeosuria  is  <lue  t^)  the  al»!*ciice  t»f  a  liornione  .secrete<l  by  llif 
nunnal  pancreas.  An  unastoniosis  was  made  between  the  vein  of  the  pancreas 
of  a  normal  dog  and  the  jugular  vein  of  a  depancreatised  and  diabetic  dog.  The 
glycosuria  w  is  iliiiost  alwlishod,  and  there  was  a  diminution  in  the  glncose  content 
of  th(^  l)l«K>d.  That  th<'  liver  plays  an  important  part  in  the  process  is  shown 
by  the  follow  ini,'  variation  of  tlio  experiment.  A  part  of  the  normal  pancren*?  nf 
anotlter  rlog  was  intercalated,  by  vascuhir  anastomosis,  in  the  cii"culation  of  a 
diabeUc  d^.  Thui  had  a  similar  effect  to  the  previous  form  of  experiment 
htU  only  when  the  venous  blood  of  the  pancrc^s^  presumably  containing  the 
hormone,  was  allowwl  to  pasK  through  the  liver,  by  anastomosis  with  the  splenic 
vein  of  the  diaW^ic  dog.  The  serum  of  the  venous  blood  of  the  pancreas  is 
said  to  have  no  anti-dial)etic  power.  The  fact  of  the  relatively  small  efl'ect  on 
the  glucose  content  of  the  blocxl  leads  Hedon  to  the  view  that  the  hyperglycasida 
and  the  glycosuria  are  more  or  lees  independent.  The  blood  sugar  may  be 
scarcely  diminished  at  all  when  its  excretion  by  the  kidneys  ceases  owing  to 
the  inthix  of  Tiormal  l)li>o<l.  Itut,  since  the  l)lo<id  sn^'ir  did  not  inerea.se,  it  is 
clear  that  either  the  exeess  pnwluction  had  l>een  retarde<l,  or  the  rate  of 
consumption  by  the  tissues  increased ;  otlierwise  it  must  accumulate  when 
excretion  stops.  These  experiments  indicate,  then,  (1)  that  the  liver  plays  an 
important  part,  and  (2)  that  there  is  some  influence  exerte<l  by  the  pancrcatie 
hormone  on  the  excretion  of  sugar  by  the  kidneys.  This  latter  may  lie  either 
d«;creased  permeability,  or,  perliaps  more  prolmhly,  an  ell'eet  on  the  reaksorption 
in  tlie  tubules  of  the  glucose  contained  in  the  glomerular  filtrate.  A  thini 
possibility  is  sugg(\sted  by  H^on,  namely,  that  there  might  be  some  change  in 
the  state  in  which  the  sugar  exists  in  the  blood. 

In  connection  with  tliese  results,  the  experiments  of  De  Meyer  (lOOG  1910) 
are  of  interest.  He  finds  that  the  liver,  perfused  with  Hinger's  solution,  lose*, 
less  glycogen  if  pancreatic  extract  is  adde<l.  If  the  liver  eanie  fn>m  a 
depanci*eatiscd  animal,  it  was  found  tliat  its  function  of  storing  glycogen  conld 
be  restored  by  the  perfusion  of  fluids  containing  pancreatie  extracts.  P^ifnsmn 
with  blood,  instead  of  with  Ringer's  solution,  showed  still  more  marked  efiTects 
of  midition  of  pancreatic  extract.  Pei*fusion  of  the  kidney  with  Ringer's  solution 
containing  glucose,  together  with  pancreatic  extract,  shi»wetl  that  consideiably 
less  sugar  came  out  in  the  secretion  than  in  the  absence  of  pancreatic  extract 
De  Meyer  finds  that  the  a^ldition  of  such  extract  to  solntions  of  glucose  does 
not  diminish  its  rate  of  diffusion  through  a  colloidal  membrsn<\  and  interprets 
the  effect  as  Ik-in;;  due  to  a  diminution  of  the  ]HM*meability  of  the  kidney  for 
glucose.    It  might,  of  course,  be  exerted  ou  the  power  of  reabsorption.  The 
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exponmnnt<u'  is  iiicline<I  to  at  tribute  the  action,  lM»th  in  th(»  case  of  tlio  liver 
and  th»'  l  ifinoy,  to  the  incre^use  of  liytlrogon  ion  concentration  in  tlie  blood  in 
diabetes,  winch  is  counteracted  bj  the  intcrnul  secretion  of  the  pancreas^ 

The  experiments  of  Gohnheiin,  oonfirmed  by  H»H  (see  references  in  Leyene 
and  Meyer^s  paper,  1911),  showed  that,  while  Die  addition  of  tnUHclc  plasma  or  of 
pancreatic  extract  to  solutions  of  j;lucoso  had  practically  no  effect  in  causing 
fall  in  copp<T  rorluciiii;  ptiwer,  nnxtui^cs  of  the  two  hjul  a  winsidemble  effect.  The 
conclusion  was  naturally  drawn  that  tlie  effect  of  the  pancreas  was  to  facilitate 
the  oonsoroption  of  glucose  by  the  maaclea.  But  Ijevene  and  Meyer  (l^H) 
found  that  the  reducing  power  of  fiueh  sugar  solutions  after  actir»n  of  combined 
muscle  and  pancreas  extracts  was  restonnj  to  its  original  height  by  boiling  with 
1  per  cent  livlrochloric*  arirl.  Further,  tHo  apparent  disiippenmneo  was  only  t<»  be 
obtaineil  wilii  concontrat^Hl  glucope  solutions.  If  the  pro<iuct  of  theai  lion  of  the 
combino<l  extracts  was  diluted  ten  times  and  allowed  to  stand,  the  original 
reducing  power  returned.  It  was  evident,  therefore,  that  the  eiffcct  was  due 
to  the  aetivation  of  soiue  enzyme  system,  which  a<  t^,  as  usual,  in  a  synthetic 
TTiaTinrr  on  glucoso,  in  a  hydrolytic  manner  on  tlic  disa<*clmride  formed  in 
*  "iu  ciitrat.(Ml  solutioiiH  of  glucose.  Further  t'xj^^'virncnt.s  showtui  that  dilute 
iiolutions  of  malto.se  were  hydrolysed  by  the  mi>tur«»,  wiiereas  it  was  shown 
later  (1912)  that  lactose  was  not  so  h3rdro1yse<l,  and  that  synthesis  occurred  nintiier 
with  mannoee,  xylose,  ribose,  nor  galactose,  but  that  it  did  with  fructose.  The 
exponmonts,  int^'r(«ting  in  themselves,  show  that  the  phenomenon  has  nothing 
to  do  w  itli  dial>etes. 

The  next  point  that  comes  up  for  discussion  is  the  origin  of  the  hormone, 
since  there  are  two  different  tissues  in  the  pancreas,  the  rells  which  secrete  the 
digestive  juice  and  the  structures  called  the  **vJcU*^  Laui/firhantJ*  Although 
it  had  boi>n  suggested  that  these  latter  are  the  organs  wliich  secrete  the  anti- 
diabetic hormone,  certain  obser\ers  had  advocntc*!  the  view  that  they  do  not 
c*onstitulo  a  tissue  tnii  yeHeris,  bub  ai'o  produced  imm  the  ordinary  alveoli  of  the 
gland.  Ilie  question  was  finally  decided  hy  the  work  of  Uomans  (1912).  The 
results  of  Bonsley,  showing  that  tlie  islets  could  ho  stained  selectively,  hoth 
after  fixation  and  by  intnivital  injection  of  metljylene  blue,  neutral,  red,  or 
pyronin,  were  tir.st  ronfirnie<l,  so  tliat  it  was  jiossllilc  to  th  tci  t  dianges  in  the 
sisie  or  number  of  the  islets.  If  tlte  gland  is  exciUtd  to  jnolongcd  activity  with 
secretin,  no  change  in  the  islets  can  be  detected,  if  only  a  small  part  of  the 
gland  is  l^t  in  an  animal,  no,  conversion  of  acinous  tissue  to  islet  tissue  occurs, 
as  might  be  Expected  to  happen  if  it  were  possible.  Previous  invrstis^tors  had 
fuinid  flint  the  pancreas,  In  injecfinTt  of  paraHin  int-o  the  ducts  an'l  Sf>  on,  rould 
Ik'  reducwi  t*>  u  state  in  wiiieh  no  uonnul  acinous  iisstio  could  1m^  found,  although 
tlie  Islets  remained  and  no  diabetes  occurnMl.  iiomans  piiiid^s  out,  however,  that 
the  decisive  proof  of  tJte  connection  of  tlie  islets  with  carbohydrate  metabolism  is 
not  hereby  given  unless  it  issliown  that  tlie  remains  of  the  gland  acini  play  no 
part  and  rrmld  l>o  removed  witfiont  dialK^tos  occurring.  At  the  same  time, 
evidence  distinctly  points  to  the  islets  as  tho  responsible  tissue.  Fig.  257 
reproduces  three  of  those  given  by  lloman.s. 

Jnien'dalion  of  Internal  SetreliottB. — Various  statements  have  been  made  as  to 
the  mutual  relation  of  these  organs,  especially  by  Kppinger,  Falta,  and  Rudinger, 
who  have  Vmseil  elaborate  theories  on  very  slender  evidence.  Elliott  (191.*J,  p.  320) 
justly  warns  against  l>uililinf;  on  insecure  foundations,  payin^:,  "  Medicine  owes  no 
debt  of  gratitude  to  those  \k  \m  teach  to  lier  theories  without  prcwf.'* 

Nevertheless,  as  Elliott  himself  (1913)  points  out^  there  are  common  features 
which  suggest  a  common  Ivond  : — 

(1)  Carbohy<lmte  metiibolism  is  influenced,  not  only  by  the  pancreas,  but  also 
by  the  thyroid  in  sujK'ractivity,  in  acrotnot^aly,  and  l>y  the  injection  of  ndicnaline. 

(2)  Growth  is  allccte<i  by  the  testis  and  tiie  cortex  of  the  suprarcnals,  arrested 
by  absence  of  the  thyroid. 

3)  Nervous  implications. 

4)  The  pituitary  VH<comes  hypertrophied  when  the  thyroid  is  removed. 
Acromegaly  may  h'ad  to  enlargement  of  the  thyroid. 

^5)  Uaskell  (190tj,  p.  4  JO),  on  morphological  grounds,  classilics  togoUier  the 
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suprarenal  cortex,  the  pituitary,  and  the  tliyroid  aa  being  modified  from  the  eoxal 
«^lanfis,  the  primitive  excretory  organs  of  the  ancestral  arthropod  (see  also  CSannob 

and  Cattell,  lOlH). 

Uomurnfnt  in  riarUa. — Although  there  is  no  such  effective  way  of  chemical 
interchange  in  plants  as  there  is  in  the  circulating  blood  of  animals,  there  is 
distin<  t  cvifii-nce  that  chemical  products  of  one  part  are  able  to  influence  the 

activities  of  other  parts. 

The  lateial  r<M»t<,  wliicli  norrtially  grow  horizontally,  can  lx»  made  to  ltow 
verticftlly  dowiiwanis  it  the  lauiii  root  is  removed.  Errera  (1901)  in\ t'stigated,  in 
pines,  the  corresponding  change  of  direction  of  growth  of  a  brancii  into  a  vertical 
atem  when  the  apical  bud  of  the  main  stem  is  removed.  He  suggested  that  the 
apical  bud  of  the  main  stem  forms  some  kind  of  an  internal  secretion,  which 
prevents  the  upward  growth  of  t\w  lateral  shoots  as  lon^  as  tliis  apical  bud  is 
present.  See  also  Loeb's  work  (1917)  on  Bryophyllum^  and  his  theory  of  root 
and  stem'forming  hormones. 

Keeble  (1910,  pp.  135-137)  considers  that  such  **  chemical  stimukitors"  play  a 
part  in  the  transfer  of  the  activity  of-  localised  cambium  cells  to  others  in  their 
lu'ighVKnirliood.  Tn  tho  case  of  Canvoluta  fiosrojlhiifsis,  the  siijjia!  for  the  com- 
uioncciaent  of  tlio  later  plwiscs  of  development  owes  its  ori<:,'in  to  the  preson<  e  of 
the  green  algal  cells,  without  wlioso  concurrence,  probably  by  tlic  production  of  a 
hormone,  no  kind  of  artificial  feedini;^  has  been  found  to  he  effective. 

Mention  may  als<i  be  made  of  the  substance  extracted  by  rain  from  grasSt 
which  has  heen  sIh.wti  by  Pickering  (1011,  see  also  Russell,  1912,  p.  112)  to  he 
injurious  to  i4>ple  trees.    Grass  should  not  be  grown  in  orchairds. 

Tbb  Action  of  Dhuus  and  of  some  othku  Ciiis.mical  Compounds 

'Hiom  are  some  of  tliese  substancan  wliicli  will  receive  mention  in  the  present 
Hectioii  for  two  reasons.  first  is  that,  although  the  suhjet:t  properly  beloni^ 

to  pharmacology,  it  is  cle^ii  liiat  the  mode  of  actii»u  of  the  hormones  of  the  previous 
section  cannot  be  understood  until  we  know  more  of  the  action  of  drugs  on  cells. 
The  second  is,that  certain  alkaloids  and  other  active  principles  am  of  great  value 
as  means  of  investigation,  owing  to  their  action  as  excitants  or  paralysers  of 
particular  kinds  of  cells  or  nerve  endings. 

Their  Mode  of  Action, — The  preparation  by  Karger  and  Dale  (1910)  of  a 
series  of  amines,  which  were  found  to  possess  the  power  which  adrenaline  has  of 
stimuhiting  sympathetic  endings,  hut  in  different  degrees,  gave  the  opportunity  of 
comparing  this  property  with  their  cheinica!  structure.  Detiiils  of  the  latter  will 
bo  found  in  Bari^er's  nionf»Lrra{ili  (I'Jll).  It,  was  founrl  that  approximation  in 
structure  to  tiiat  of  adrenaline  was  associated  with  iucreiused  intensity  of  action, 
and  more  definite  restriction  to  the  sympathetic  system.  The  optimum  carbon- 
skeleton  for  this  purpose  consists  of  a  benzene  ring  with  a  side-chain  of  two  carbon 
atoms,  of  which  the  tenninal  one  is  attached  to  an  NH.^  group.  This  is  further 
intensified  by  the  presence  of  two  hylt  oxyls  on  the  lienzene  rini^  in  the  3  :  4  position 
relative  to  the  .side-chain.  These  subiitances  are,  therefon;,  catechol  »it;iivatives. 
Of  these  bases,  those;  with  a  methyl-amino  group,  including  adrenaline,  produce 
the  inhibitory  efibkts  of  the  sympathetic,  such  as  that  on  the  intestine,  more 
powerfully  than  the  excitatory  eiTects  on  the  hlotxl  % cssels,  etc.  Tlie  opposite  is 
true  of  Ili»>  pi  imary  amines  of  the  same  series.  Tt  is  to  1m'  noted,  liowever,  that  a 
catechol  niicieus  is  not  es'?ential.  Cat<Hliol  iUself  hiui  no  action  of  the  kind 
referred  to  ;  while  not  only  parahydroxyphenyl-ethylamine,  but  also  iso-amylamine, 
are  powerfully  active. 

As  has  often  lieen  pjinird  out,  in  comparing  the  activity  of  a  series  of  related 
substances  it  must  not  1x5  forgotten  that,  in  altering  the  chemieal  composition, 
we  alter  in  many  ways  the  physieal  ))ro|>erties  also.  We  have  to  reekon  with 
changes  in  solubility,  in  ability  i^j  piss  through  the  cell  membrane,  in  approxima- 
tion to  the  colloidal  state,  in  surface  tension,  in  rate  of  diffusion,  and  so  on. 

Barger  and  Dale,  in  the  paper  mentioned,  give  a  \a1ua1)le  discussion  of  the 
theoretic  aspect  of  the  question,  from  which  I  take  the  following  rr)nsiil»'r;iti  Tis. 
They  show  that  the  ease  of  oxidation  has  nothing  to  do  with  activity.  iSiuce 
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there  is  cvidanoe  that  the  excitatory  and  inhibitory  €lfocta  can  be  varied 
indepxrulptitly,  i'fas<in  is  givon  for  the  beh'ff  that  the  myonouinl  jimctiona 
ooncerneii  with  inhibition  are  not  identical,  in  tlieir  relations  to  cliemicul  sub- 
stances, with  tlioHe  concerned  with  excitatory  effects.  Ergotoxine,  a8  we  shall 
see  presently,  Ib  of  interest  in  this  respect. 

it  is  diDicult  to  reconcile  the  view  that  tlie  sympathetic  nervM  produce  their 
effect  by  the  hbomtion  of  adrenaline  at  the  inyoneuml  junetion  with  tlio  fact 
that  a  l>asp,  which  only  differs  from  adrenaline  by  the  absence  of  the  niet)»vlati«»a 
of  the  Hiuiuo  group,  is  as  active.  Why  should  it  set  free  an  allied  substance, 
but  not  a  more  actiTe  onef  The  difficulty  is  farther  bieressed  by  the  fact  UmiI 
certain  inhibitory  effects,  as  on  the  non-pregnant  uterus  of  the  cat,  are  relatively 
more  easily  produced  by  adrenaline  than  by  nerve  stimulation,  whereas  somo 
motor  effect<4,  .such  as  pilo-motor  action,  are  more  easily  produced  by  nerve 
stimulation  tiian  by  adi'enaliue* 

The  fact  that  these  bases  have  very  definite  relations  to  the  cells  of  a  certain 
morphologieal  system  shows  that  there  "must  be  something  in  these  oeUsi  or 
connected  with  them  and  them  only,  which  has  a  stroi^  affinity  iw  these  amines.** 
But  it  is  point^^'d  nut  that  this  property  is  by  no  means  neceswtri^y  the  Rame 
as  that  which  confers  stimulant  activity  on  the  amines.  As  I  pointed  out  in 
connection  with  caUilytic  action,  the  adsorption  of  a  substance  on  a  surface 
is  independent  of  the  chemical  action  It  may  exert  on  the  material  of  the 
surface  after  adsorption.  Barger  and  Dale  further  call  attention  to  atropine 
and  pilocarpine,  whose  loeali'^fition  is  practically  iflrntioal,  while  their  action 
is  oppasite.  Thus  also  the  peculiar  distribution  of  the  action  of  ineotiue,  or 
of  the  sympathomimetic  amines,  does  not  necessarily  depend  on  tiie  existence 
of  specific  chemical  receptors  in  the  cells  peculiarly  sensitive  to  them.  It  may 
1k)  that  in  some  colls  the  stimulant  substance  easily  reaches  the  site  of  action. 
The  authors  further  find  "the  thenry  of  receptive  side  ehains  very  dit^ieult  to 
apply  "  to  theii'  results.  If  the  rolation  is  one  of  chemieal  union,  it  seems  that 
Uie  poiutH  of  constitution  common  to  all  the  active  babies  should  give  an 
indication  of  the  nature  of  the  chemical  receptor  in  the  oelU  which  combines 
with  them.   But  there  is  only  one  common  complex,  namely : —  • 

'     i  I 
C  N, 

I       I  1 

and  this  "exists  in  innumerable  bases  with  no  sympathomimetic  activity." 
That  physical  Csetors  intervene  is  indicated  by  the  fact  that  difibreoces  in 
the  relative  activity  of  pairs  of  substances  appear  in  the  course  of  an  experiment, 

aiM?  o<  (  !isionally  in  an  inrlividual  cat  as  compared  with  other  cats.  On  the  purely 
cheniicul  \  iew,  it  woul<l  l)e  necesnarv  t^)  assume  that  there  is  a  different  ehemo- 
receptor  for  each  amine,  ami  that  these  may  vary  independently  of  each  utlier; 
a  view  vuiy  difficult  to  maintain^nnce  "the  nummr  of  poesible  sympatiiomimelic 
amines  is  indefinitely  large."  The  conclusion  arrived  at  is  that  "the  least 
unsatisfactory  view  seems  t<>  us  to  Ik*  that  which  regards  the  existence  of 
stimulant  activity  as  depeiulent  on  the  possession  of  some  chemical  property, 
the  distribution  and,  in  the  main,  the  intensity  of  activity  as  due  to  a  physiod 
property." 

The  remarks  of  Rtrauh  (1912,  p.  4)  are  also  of  interest.  "The  theofy  of  tfar 
selective  distribution  of  active  substances  in  the  orijanism  has,  as  a  necessary 
foundation,  a  purely  material  taking'  up  of  them  by  the  cell  U'hat  happens  in 
the  cell  in  presence  of  the  substance,  how  it  gets  there,  and  why  it  is  held  fa^t  is 
the  next  question.  It  is  frequ^tly  answered  (as  by  Ehrlich)  by  the  statement 
that  the  substance,  as  a  chemical  individual,  reacts  with  chemical  constituenta  of 
the  chosen  cell,  with  satisfaction  of  affinities  and  formation  of  a  chemical  compound. 
I  hold  this  explanation,  in  its  j^oneral  aspect,  as  too  far-reaching  and  inappn»priate, 
and,  in  its  results,  as  unfruitful.  There  are  an  indefinite  number  of  substances 
which  liave  a  constitution  scarcely  capable  of  reactions  in  the  organism,  such  as 
nitrous  oxide,  carbon  dioxide,  potassium  salts,  and  many  of  those  substances 
culknl  indifferent  narcotics,  on  account  of  their  passivity  ;  oih  i  annot  imafrine  with 
what  cell  molecules  they  are  to  show  ch«nical  affinity,  since  this  affinity  of  the  cell 
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moliDcniles  arises  merely  from  ordinAry  organie  chemistry.  If  one  is  to  operate 
wiUi  '  chemo-receptors '  for  all  of  these  numerous  cascH,  one  mystery  is  merely 

chanc^edint^)  ajiotlier,  l^io  existence  of  clifTno  roceptors  for  poiw^n^  tkI  to  be 
dfuit'd,  i)ut  tills  is  not  a  univerRal  fact,  and  thei-efbr©  no  general  ihcor}'  can  be 
baneil  u|H>a  it."  Tliei*e  are  also  some  deiinite  oxperiiuental  facts  which  show  that 
it  does  not  apply  to  certain  tvpieal  oases.  Straub  himself  (1907)  has  shown  that 
the  action  of  muscarine  on  tm  heart  of  Aplysia,  and  Neukirdi  (1912)  that  the 
action  of  pil<»carpino  on  tho  manimalian  int^'stinc,  are  absent  afh-r  tlio  driii,'  has 
entered  the  celb,  and  aro  only  manifest  when  it  is  in  tho  art  of  oitlior  entering  or 
leaving.  Further,  Neukirch  (p.  166)  shows  that  no  perceptible  diminution  in  the 
strength  of  dilute  solutions  of  pilocarpine  is  produced  by  the  lying  of  the  intestine 
in  them,  a  fact  difficult  to  understand  if  It  were  taken  up  in  chemical  combination 
in  the  cells. 

Additional  interestins;  facts  come  out  in  the  investigations  of  »Straub  (1910) 
on  stmphanthin,  a  glucoside  of  the  digitalis  group.  "When  injoctetl  into  tiie 
organism,  its  action  is  most  marked  on  the  ventricle  of  tlie  heart,  next  on  the 
other  heart  oaTities,  and  finally  on  the  blood  Tossels.  The  active  doses  are 
extraordinarily  small.  Straub  had  |Hreviously  found  that  the  action  of  alkaloich 
is  revcrsihlo,  in  that  they  can  be  regained  from  the  organs  which  had  sU^red 
them  uji,  by  simple  wasliinjj  %viih  water.  Hut  on  testing  the  ease  of  strophanthin, 
ho  found  that  it  could  not  be  i-egained  by  washing  out.  It  seemed  possible  that 
it  had  entered  into  a  definite  chemical  compound  with  the  heart  muscle,  or 
aome  constituent  thereof,  although  it  is  difficult  to  see  what  kind  of  a  compound, 
undecomposed  by  boiling,  such  a  chemically  irtcrt  sii]vs*?Hi(  e  hs  a  f^lurosido  could 
form  with  cell  materials.  On  this  account  Straub  thinks  it  always  necessary  to 
test  oUier  )>ossibilities  before  making  the  assumption  of  a  chemical  union.  On 
proceeding  to  investigate  the  question  further,  the  unexpected  result  was  obtained 
that,  contrary  to  the  case  of  the  alkaloids,  the  reason  why  no  glucoside  could  be 
extracted  from  the  cells  was  because  there  was  none  there.  The  cells  had  not 
taken  it  up  at  all.  Thu??,  if  I  c  c  of  a  solution  cont^uning  ()•(>!  mg.  of  the  drug, 
which  is  sutiicient  to  produce  a  powerful  action  witliout  killing  the  ventricle, 
be  perfused  backwards  and  forwards,  it  is  found,  by  applying  it  to  a  second  heart, 
'  that  it  is  quantitatively  as  powerful  as  at  first,  llie  mc^od  of  measurement 
was  carefully  workecl  out,  and  will  be  found  in  tiie  paper.  It  was  also  found 
that  tlie  inti'Tisity  of  the  action  was  nUvftys  proportional  to  the  concentration  of 
the  solution,  not  to  the  total  amount  present.  It  is  obvious  that  stmie  slight  los.<? 
must  take  place  in  such  a  powerful  action,  and,  by  i-cpeated  perfusion  of  a  solution 
through  six  hearts,  it  was  found  that  each  heart  bad  used  0*003  mg.  This  amount 
could  not  possibly  be  detected,  and  hence  tho  reason  why  it  seemed  impossible  to 
Wiish  any  out,  since  there  was  none  in  sufficient  quantity  tr  l.e  detected  if  it  were 
washeii  out.  It  is  to  be  remembered  that  this  quantity  t^iken  up  ))y  the  heart  would 
have  no  perceptible  action  if  applied  to  another  heart.  Straub  is  inclined  to  think 
that  the  results  show  that  an  adsiMptton  at  the  cell  membrane  is  responsible 
for  the  adivity,  since  these  glnoosldes  are  allied  to  the  saponines,  which  ha\  e 
great  power  of  lowcrinp;  surface  energy,  a-s  we  have  seen.  It  will  \\e  reniemberetl 
that,  in  ailsorption,  the  amount  taken  up  is  in  proportion  to  the  concentration, 
just  as  the  ttction  of  strophanthin  was  found  to  bo ;  and  that  a  certain  minimum 
oonoMitration  would  be  necessary  in  order  that  the  quantity  necessary  for  action 
should  be  adsorbed. 

On  the  view  that  tho  cell  behaves  as  a  "giant  molecule"  in  the  chemical  sense, 
it  nii«»ht  bo  held  that  one  molecule  of  an  active  drug  would  be  sutlicient  to  enter 
into  chemical  reaction  with  a  celt.  It  is  pos.sible  to  calculate  from  Clark's  data 
(1012),  together  with  some  which  ho  has  kindly  given  me,  what  must  be  the 
molecular  we^ht  of  the  compound  with  which  strophanthin  combines.  This 
glucoside  is  favourable  for  the  purpose,  since  it  acts  directly  on  the  miisdr^  cell. 
Clark  ha<l  a  more  powci-ful  preparation  than  Straub's,  ami  found  that  UHHIUOS  mg. 
was  sufficient  to  act  on  5  mg.  of  heart  mu.scle  (dry  weight).  The  molecular  weight 
of  strophanthin  is  022,  so  that  a  simple  proportion  gives  us  the  result : — - 
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■whence  wo  obtain  57,625,000  for  the  "niolcctilar  weight"  of  the  muscle  cell,  trulv 
a  "giant"  amongst  molecules.  The  participation  in  a  chemical  reaction  uf  such  a 
molecule  is  dilllcult  to  realise,  as  also  how  a  comparatively  small  molecule  attached 
at  one  poinfc  should  influenoe  the  whole  of  the  giAot.  Naturally,  the  mdeeDle 
witli  which  combination  takes  place  may  be  only  one  of  those  present  in  the  ceil, 
but  then  we  hsivf  fo  pive  up  the  theory  of  L'iant  molecnlcs- 

The  only  reinaitiin*,'  point  of  general  apphcation  to  which  I  would  call  attention 
is  tiie  nature  of  "specificity"  in  relation  to  these  and  similar  systems.  In 
connection  with  en/ymes,  1  have  diiMmssed  tlie  questton  in  "The  Nature  of 
Eozynio  Action,"  and  shown  tliat  the  preferential  action  of  an  enzyme  on 
a  particular  substrate  i.'<,  nppr^rently,  only  a  matter  ul  iat«,  and  if  so,  that 
the  "  l(M  k  and  key"  illustration  is  not  quite  approj)riate.  If  a  key  drjes  not 
fit  it  will  never  open  a  lock,  however  long  a  time  be  ^iven  for  it  to  do  so.  In* 
fact,  it  aeemB  to  me  that  such  a  point  or  view,  met  with  also  in  tiie  form  of  a 
**  moulding  to  template^/'  is  not  applicable  to  reactions  in  the  organism,  if  to  any 
chemical  reaction  at  all.  The  kinetic  view  of  velocities  of  reaction  is  more  in 
accordance  with  facts. 

In  a  previous  page  (page  60),  in  speaking  of  "specific"  adsorption,  it  was 
pointed  out  that;  in  this  process,  there  are  innumerable  possibllitiea  of  interactioii 
of  the  various  forces  acting  at  surface  boundaries,  without  the  necessity  of 
calling  in  the  provisions  of  diemical  groups  which  are  to  be  supposed  capable  of 
combination  with  groups  on  the  substnnce  adsorl>od,  and  with  these  particular 
groups  only.  Attention  may  also  be  directed  to  the  work  of  Barger  and  W.  W. 
Starling  (1915)  on  the  adsorption  of  iodine  by  certain  organic  compounds.  Tim 
shows  itself  to  be  closely  related  to  the  chemical  composition  of  these  substaness 
and  therefore  to  that  of  their  surfiMses.  But  this  relationship  does  not  resnlt  in 
chemical  f^oniliination  nor  in  abolition  of  the  natuTe  of  the  process  as  nn  nflsorption. 
It  would  appear  that  those  propTties  of  the  Hurf.Lr(>,  such  as  electric  cimrtie  ami 
so  on,  which  control  the  degree  of  adsorption,  are  dependent  on  the  chemical 
nature  of  the  surface.  This  dependence  need  cause  us  no  surprise^  since  the 
physical  properties  of  a  substance,  inclusive  of  anrfaoe  energy,  are  so  dossly 
related  to  its  chemical  composition. 

When  we  have  t/>  deal  with  colloidal  solutions,  the  considerations  brought 
forward  by  Wolfgang  Ostwald  (1912)  are  to  the  point.  We  saw^  (page.  107)  that, 
when  two  colloids  have  charges  of  opposite  eleetrieal  sign,  it  is  usual  to  find  thai 
they  mutually  precipitate  one  another.  Also  that  a  colloidal  solution  in 
precipitatofl  by  ions  of  the  opposite  elecbrioal  sign  to  themaelvc^i.  Now,  Michaelis 
and  1  )avi<lsohn  (1912)  found  that  t!ie  precipitation  phenomena  in  cases  of  some 
"  precipitins "  and  **  agglutinins  "  are  nearly  independent  of  the  hydr»>gen  ion 
concentration  in  the  solution,  and,  therefore,  of  the  electrical  charge  of  tlie 
particles.  The  conclusion  drawn  is  that  there  is  a  specific  chemical  affinity 
between  the  substances  concerned.  But^  sis  Wolfgang  Ostwald  points  out»  aU 
that  the  experiments  show  is  that  processes  of  purely  electrical  neutralisation 
are  insufficient  for  the  purpose.  But  it  is  not  to  be  supposed  that  electrical 
charges  are  tlie  only  properties  of  surfaces  tliat  concern  colloidal  systems.  Wc 
have  only  to  remember  nie  "coagulation*'  by  neutral  salts,  by  ncn-dectrolyteB» 
by  the  results  of  "  mechanical "  adsorption  on  sui-facea,  and  so  on.  Moreover,  even 
when  dectrical  charges  are  present,  the  precipitation  is  not  always  detennine<l 
by  them.  For  example,  t<innin  precipitators  gelatine  better  in  the  |»resence  of  m  ill ; 
golti  Hols  are  not  necessarily  precipitated  when  deprived  of  charge.  The  chief 
variable^  Hui  face  tension,  is  altered,  not  only  by  electrical  charge,  bat  also  by 
chemical  composition,  temperature,  degree  of  dispersion,  degree  of  solvatioii, 
and  so  on.  The  amount  of  electrolyte  required  to  precipitate  sulphur  sols,  as 
mentioned  above  (page  94),  depends  on  the  size  of  the  partiiles. 

It  is  not  ])eniiissible,  in  fact,  to  refer  all  hitherto  unexplained  phenomena 
to  chemical  reiaiioius,  <is  is  cu.Ht4^>inary.  Substances  are  frequently  assumed  to 
be  chemically  difierent  because  they  have  some  difl^rent  physical  property, 
although  no  chemical  difference  Ci'xn  be  detectefl.  Tannin,  for  example^  has 
a  higher  optical  activity  in  a  higher  dispersed  condition  than  in  a  coarsely 
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dispersed  one,  an«l  has,  th<^n'fnr»',  \>rvn  stnt^vl  to  be  a  mixture  of  "chemically 
difl'ei-ent  taunins,"  although  no  chemical  tiiti'erenco  has  been  sliown  to  exist. 
Wolfgang  OKtwsld  justly  iiuistB  that  the  **cheBiieal'*  otmoeption  is  hcare  a  purely 
0e!|;ative  one,  and  that  to  be  satisfiod  witli  the  fact  that  the  chemical  compoKition 
of  stirli  sulistanres  an  "immune  btKlies"  is  so  complex  that  one  may  quietly 
a«crilje  ait  their  properties  to  it,  is  the  antithesis  of  a  view  leading  to  pr(>gress. 

The  growth  of  excised  tissuea  iu  plasma  is  of  intui-cst  iu  this  connection.  It 
waa  thought  at  one  l^ine  that  such  tiinmeft  would  only  grow  in  plasma  of  the  same 
individual,  an  extreme  caae  of  epecifie  rehitionship.  But  Walton  finds  (1914)  that 
this  is  not  the  determining  factor  :  uny  plasma,  of  tiie  same  or  another  individual, 
may  contain  certain  substances  wliji  h  inhibit  the  growth  of  tissue,  to^tlier  with 
others  which  favour  growth.  The  fornier  are  destrcjyed  by  freezing  the  plasma 
for  one  to  three  days,  the  latter  by  a  longer  pcrio<i  of  freezing,  six  to  eight  days. 
Further,  J>.  and  J.  G.  Thomson  (1914)  have  found  that  tissue  from  certain  human 
ttttDOura  can  Ix"  cuItivatcMl  .su(-i-rsst'iil!y  in  the  blood-pUsuiA  of  tlio  fowl,  to  which 
has  been  adfU  il  extract  of  embryo  rliick.  Chnnipy  et  C<^»ca  (1914)  find  the  plasma 
of  the  cat  is  toxic  for  the  tissues  of  the  pigeon,  while  rat  tissue  grows  excellently 
in  tortoise  plasma.  The  U>xicity,  in  fact,  is  merely  accidental!,  lieference  may 
also  be  made  to  the  work  of  Margaret  K.  Lewis  (1915,  p.  155)  who  obtained 
excellent  growth  in  LiK'Ice's  Hinger  solution. 

We  nuiy  now  proceed  to  refer,  briefly,  to  certain  examples  of  drugs  which  have 
a  pliysioU>gieal  interest. 

It  is  remarkable  how  great  a  variety  of  these  active  substauc«»  ai-u  formed  by 
plants.  It  scmns  evident  that  they  must  be  more  or  less  aocidmtal  products  of 
chemical  change.  A  very  small  numlx<r  would  sufHco  for  protection  of  the  plant 
frnrii  being  consumed  by  animals  for  f<Kxl.  Similar  conclusions  may  \tc  drawn 
from  the  occurrence  of  adn'naline  mihI  n  sul>stanre  related  to  digitalin  in  the 
**parotoid  "  glands  of  a  tropical  t<»ati,  (icscnljed  l)y  AixA  (191 1).  It  is  imiK»ssible  to 
see  the  use  to  a  toad  of  a  rise  of  blood  pressure  in  the  animal  which  attacks  it. 

Acetylcholine, — Dale  (1914)  finds  that  this  substance  produces  vascular 
dilatation  in  extraordinarily  small  doses,  much  smaller  than  those  of  adrenaline 
requin-nl  to  raise  the  Mood  press\inv  Tlio  pcrfusefl  heart  of  the  frog  also  shows 
a  distinct  inhibition  with  a  dilution  of  one  in  a  hundred  millions.  It  excites 
especially  the  nerve  endings  of  the  cranial  and  sacral  autonomic  systems,  causing 
stimulation  of  the  vagus,  secretion  of  saliva,  contraction  of  the  oesophagus,  stomach, 
and  intestine^  and  of  the  bladder.  The  effecu,  although  so  powerfid,  last  but  a 
short  time.  The  ester  is  pn)bably  hvdrolyscd  into  its  relatively  inert  components. 
It  lia-s  scarcely  any  action  on  tlie  plain  muscle  known  to  bi;  innervat4:^(l  by  the 
sympiithetic  systeui.  Since  it  produces  vascular  dilatation,  the  non-sympathetic 
origin  of  vaso  dilators  in  general  seems  to  be  indicated  (see  also  OauEell,  1916, 
pp.  62  and  131).  Reid  Hunt  (1918)  finds  that  this  drug  causes  obvious  vaso- 
dilatation in  a  dose  of  21  x  10~^  mg.  per  kilo,  of  animal.  Its  effect  is  prevented 
by  atropine,  contrary  to  that  of  the  vaso  dilator  nerves. 

iy'ltychnine. — It  is  unnecesMiry  here  to  .say  more  about  this  alkaloid  than  to 
call  attention  to  its  peculiar  physiological  property  of  converting  inhibition  into 
excitation  in  the  phenomena  of  reciprocal  innervation  (page  427). 

Xicotim. — It  was  shown  by  Langley  and  Dickinson  (18H9)  that  nicotine  has 
the  property,  in  moderate  do.ses.  of  paralysing  tlie  nerve  cells  of  sympathetic 
ganglia,  without  afl'ecting  the  peripheral  endings  of  the  fibres.  Tiie  effect  appears 
to  hb  exerted  on  the  synapse,  and  is  not  confined  to  sympathetic  ganglia.  It 
serves,  therefore^  as  a  valuable  means  of  discovering  whether  there  is  any  cell 
station  for  given  fibres  in  any  it  n  ition  to  which  the  drag  can  beapplietl.  TAngley 
has  made  considerable  us(;  of  it  for  this  puqiose.  The  syna^ises  of  difTerent 
nerves  require  different  doses,  and  the  sensibility  of  different  species  of  animal 
differs. 

Preceding  the  paralysis^  there  is  a  stage  of  stimulation,  so  that,  amongst  other 
phenomena,  a  large  rise  of  arterial  pressure  results  from  intravenous  injection  of 

nicotine. 

Atropine  ami  J*yf*Karjiine. — The  iuteret>t  of  tliesi'  two  alkaloitls,  the  first  in 
paralysing  secretory  nerves,  the  second  in  stimulating  tlicra,  has  been  referred  to 
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above  (pnge  344).  Anutlier  useful  property  of  atropmu  is  to  j>iUHlyM^  the  vagus 
endings  in  the  hearty  and  also  that  of  paralysing  the  laechamsm  kA  aooommodation 
in  the  eye,  and  causing  dilataticu  of  the  pu|)il.  Certain  peculiaritaea  in  the  mode 
of  ai'tion  of  pilot'jirpinc  lm\  t'  Ix'on  mentionecl  alnive  (page  143). 

//i/(7.«?riT?r-  -Tins  alkaloid,  allirfi  tn  ntropine,  is  of  interpst  in  roimuction  with 
the  dillerent  activiticH  of  the  natural  alkaloids  and  their  optical  isouicrH.  The 
latter,  although  not  inactive^  are  leas  no  than  the  formw.  Now  hyoscine  contains 
two  optically  active  groups,  both  of  which  are  phyadolegically  active,  so  that  four 
different  isomers  exist,  each  with  a  different  degree  of  artivily.  Cushny  finds 
that  by  ai«siijjiiin«  to  oach  of  the  four  constituents  a  definite  vahic,  that  of  each  of 
the  four  hyottcines  can  be  deduced.  The  values  diiler  less  Uiau  ti)«>se  of  the  two 
adrenalines.  The  question  has  some  theoretical  interest  in  connection  with  ihe 
doctrine  of  fitting  to  templates  or  "lock  and  key."  If  this  were  the  correct  point 
of  view,  it  would  be  expected  that  only  one  of  the  isomers  would  be  active,  whereas 

tl^V  onlv  diflrr  in  dciMi**^. 

Vcratriiic. — The  peculiar  effect  of  this  alkaloid  in  producing  tonic  coutraction 
of  skeletal  muscle  has  been  mentioned  above  (page  417).  Lamm  (1911)  has 
described  some  interesting  ex[)erimen(B  which  throw  light  on  its  mode  of  action. 
The  conclusions  which  he  draws  are  as  follows.  When  a  muscle  is  immerBe<l  in  a 
solution  of  a  s<dt  of  veratnrip  it  takcM  up  small  amounts  of  the  j)oison,  prol»ably 
as  free  alkaloid,  since  the  cliect  is  more  jniwerful  in  alkaline  solution.  A  wilutimi 
can  bo  cxluiustod  by  means  of  a  series  of  muscles.  The  drug  has  no  effect  until 
the  muscle  is  stimulated  independently.  If  the  toxic  action  is  small,  the  voratriue 
**  tetsoius "  does  not  come  on  until  the  initial  twitch  is  over,  llierc  is  no  reason 
to  suppose  that  the  kind  of  fibrillation  taking  place  is  due  to  stimulation  of  any 
different  kind  of  suhstance  (sareoplasm)  than  that  responsible  for  the  twitch. 
It  appears  to  be  due  to  some  kind  of  reaction  between  the  ptuson  ami  some 
product  of  metabolism  of  the  active  musda  Thus  a  solution  which  has  served 
for  action  on  one  muscle  is  found  to  be  increased  in  activity.  If  a  nmscle  is 
disintegrated  in  a  veratrine  solution,  it  is  fouml  that  apparently  more  alkaloid  can 
be  extractcti  from  the  mass  than  was  originally  present  in  the  solution.  It  is 
suggested  that  tlie  exciting  action  depends  on  an  increase  in  permeability  <>f  U)o 
ceil  membrane,  since  calcium  salts  markedly  increase  the  amount  necessary  for  an 
effiwt. 

Ergotoxine. — Dale  (1906)  and  Barger  and  Dale  (1907)  have  obtained  from 
ergot  a  jMneparation  which  has  interesting  properties.  It  paralyses  tho«;<-  wni 
pathetic  endingn  which  liave  an  excitatory  function,  leaving  intact  those  >Mlh 
an  inhibitory  function.  Both  kinds  of  fibres  in  the  cranial  and  sacral  autonomic 
nerves  are  left  untouched.  Thus  tlie  va8(Mx»nstrictors  of  the  symjiathetic  are 
fmruly.seil,  but  tlii>  inhibitory  effect  of  the  splandinics  on  the  small  intestine  is  not 
affected.  Adrenaline,  after  ergotoxine,  enunes  a  fall  of  IjIchkI  y>n««*Mure,  perimp*; 
due  to  the  ununtagonised  effect  ou  the  capillaries  described  by  I>alc  and  Uichanls 
{inx  page  70G  above). 

Gushny's  book  (1910,  2)  will  be  found  to  contain  any  further  information 
required  by  the  reader  regarding  the  action  of  drugs. 

Toxins  and  ANTiToxiro 

Toxins  are  the  {xiisonous  substances  produceil  by  micro-organisms.  They  may 
pass  out  into  the  culture  llui<l  or  l>e  retaine<l  in  the  iKniies  u(  the  microbes,  only 
to  be  ♦fhtairied  from  these  bv  disintegration.  Their  chemical  nature  is  unknown, 
since  they  can  only  be  obtained  in  such  small  quantities.  They  are  the  substances 
responsible  for  the  numerous  diseases  producea  by  the  agency  of  micro<»rganisms. 
Pasteur  showed,  for  example,  that  a  culture  of  the  Imctcrium  of  chicken  cholera 
produced  the  symptoms  of  the  (lis<'a.se,  even  after  filtering  off  the  organisms 
themselves.  For  further  details,  the  reader  is  referred  to  the  book  by  Burnet 
(1911). 

Along  with  certain  other  substances,  all  of  protein  nature,  so  far  as  reliable 
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evidence  goes,  toxins  have  the  property  of  producing,  when  injected  into  the  living 
organism,  certain  substances  which  have  the  power  of  neutralising  their  action. 
Tliese  arc  known  as  antitoxins,  or,  in  general,  as  antibodies,  and  tliose  8ul)stancea 
capable  of  exciting  their  production  are  called  their  antxtjens.  Statements  have 
been  ma<le  that  substances  other  than  proteins  may  act  as  antigens ;  we  have 
seen  (page  316)  that  there  is  no  satisfactory  ovi«lence  that  enzym&s  can  act  thus, 
although  some  lipoids  and  glucosides  have  been  said  to  do  so  ;  the  evidence, 
however,  that  the  preparations  were  free  from  protein  is  not  sufficiently  clear. 

The  mechanism  by  which  "specific"  antitoxins  are  prwiuced  is  not  yet  under- 
stood. Very  complex  colloidal  reactions  are  certainly  involved.  Two  ca.ses  may 
be  mentioned.  The  blood  of  the  crayfish  injected  into  a  mouse  makes  it  immune 
ai^ainst  scorpion  toxin  ;  but  the  crayfish  itself  is  more  sensitive  to  the  t^xin  than 
the  mouse  is,  and  its  blood  docs  not  protect  another  crayfish.  Rabbits  can  be 
immunised  against  tetanus  by 
inoculation  with  tetanus 
iMicilli  in  repeated  small  doses. 
Yet  their  serum  has  no  effect 
in  neutralising  the  toxin  in 
vitro. 

The  rwuler  is  reconimondwl  to 
conbullthc  (>n|>crB  by<«uiigoM(  lUfiS) 
for  various  f;ict«  to  be  t-akcii  iiit^i 
oonxirleratioii.  The  ** aide-chain*' 
theory  of  Ehrlich  ha«  now  cea.se<l 
to  Iw  of  much  help,  otherwise 
than  ill  the  invention  of  new 
names,  valuahlo  as  it  hiis  l>een  in 
the  past.  The  i>a|ier  by  Dean 
(I9I7)  on  the  mec-hanism  t»f  serum 
reaction  may  be  mentioned. 

Anaphylaxis 

It  was  found  by  Portier 
and  Kichet  (1902)  that  a 
toxin  could  be  preparefl  from 
the  tentacles  of  the  sea 
anemone  which  caused  intense 
vascular  congestion  in  the 
viscera  of  dogs,  leading  to 
death  after  some  hours.  They 
foumi   also   that,  if  a  dose  Fui.  2.'>S.    Lons  pASTKm, 

insufiicient    to    cause   death  {From  "  ^k•ientific  VVorthiea."   By  per 

wa.s  given,  so  that  the  animal  mission  of  MncmiUnn<A.  Co.  Ltd.) 

recovered,  a  second  dose  of 

only  one-twentieth  the  amount  of  the  first,  if  given  subsequently,  caused 
extremely  severe  symptoms,  vomiting,  diarrhwa,  paralysis,  and  so  on. 

This  eflTect  was  obtaineil  only  if  a  cciljiin  minimum  number  of  <lays  (eight  to 
twelve)  had  elapsed  between  the  first  and  second  injectiuns.  1 1  will  be  remembere<l 
that,  in  the  usual  process  of  iinmuiiisation  to  a  toxin,  injwtions  are  given  at 
intervals  of  about  four  days,  without  the  appearance  of  severe  symptoms,  so  that 
the  manifestation  of  this  supersensitive  state,  calle<l  by  Kichet,  ''anaphylaxis," 
is  prevented  by  the  development  of  the  ordinary  state  of  immunity.  We  shall 
see  presently  that  the  two  proc-csses  are  intimately  connected. 

A  remarkable  fact  is  that  non-toxic  suKstances,  such  as  egg-white,  are  also 
able  to  profluce  severe  symptoms  of  anaphylaxis.  But  a  necessary  condition  seems 
to  be  that  of  the  colloidal  state ;  a  similar  condition  applies  to  the  property  of 
acting  as  antigens,  in  general. 

What  evi(lence  have  we  <is  to  the  nature  of  this  interesting  phenomenon? 
The  monograph  by  Kichet  (IIUL')  gives  a  gcKxl  general  account  of  the  subject, 
but  the  most  important  experimental  work  is  that  of  Dale  (1912).  The  value  of 
these  investigations  consists  in  the  fact  that  they  were  made  chietly  on  an  isolated 
organ,  the  virgin  uterus  of  the  guinea-pig,  so  tha>  the  conditions  could  be 
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accurately  oontroUed;  tbe  r^ults  are  of  <,'reat  iiiiportance,.  not  only  in  the 
ioterpretatiofi  of  anapliylaxis,  but  in  the  theory  of  immunity  in  general. 

It  is  I'vi'i.  jit,  to  begin  with,  that  some  change  is  produce<l  in  tho  blood,  by 
which  tilt'  libsuo  cells  are  allectwl.  In  different  animals,  the  actual  symptoms 
vary  according  to  the  particular  organ  most  sensitive  to  these  changes  in  the 
blood.  In  the  guinea-pig,  the  brondhial  muacle  is  most  affected,  in  tiie  dog,  the 
liver  and  intestine.  tVe  have  seen  that  a  considerable  time  is  necessary  for 
these  t:li;m;^es  to  be  pnnluced  in  the  bhxHj,  but,  once  produced,  the  bhxHl  of 
a  pt!nsiti.s»'(l  animal  can  l)ring  al)out  anaphyl?M"t ii;  sh<»ek  in  a  n(»rmal  one,  | 
immetliately,  as  was  shown  by  Alan  waring  (IDiU).  At  the  same  time,  the  ! 
anaphylactic  substance,  or  influence^  becomes  fixed  or  adsorbed  on  the  tiasne  • 
aUlii  :io  tbat^  as  Dale  sbow^  the  excised  and  washed  uterus  of  an  anaphylaetie 


■»iii.iiii.i.«mi»nn  »»i»|».......f.t..i(.f.,if...f^).,i..f  

Fia.  883.  Anaphylaxis  iir  ixcisip  qtxeds  or 

OOINKA-PIO. 


BMuitiMi  wlUl  fifth  c.c.  hnrw  Mmitii. 

A,  u*l  C.C.  •heep  «cnitn. 
Bt    „  ttiwruin. 

C,     „     rabbit  eutuid. 

„     dot;  iteruiii. 
JPt     n      htUIMUl  MfUUI. 

(s,     ,,     hone  seniiu. 

Powerful  contrnriion  with  ihe  aut^fcn  Mnun»  but  with  no  ctlMr  • 
Mnun  nor  with  «Kg*whi(«b 

(Dale,  1912,  Fig. 

animal,  suspended  in  Ringer's  solution,  is  itself  sensitive  to  the  anti^n.  Fig.  Ii59 
shows  the  efTect,  together  with  the  striking  "specificity"  of  the  reaction.  The 
organ  was  taken  from  a  guincjirpig,  s<?nsitised  by  an  injection  of  horse  serum, 
fourteen  days  previously.  It  gives  no  respon.se  to  a  small  dose  of  the  serum  ot 
the  sheep,  cat,  rabbit,  dog,  or  man,  nor  to  egg  white,  but  a  powerful  contraction  to 
a  similar  dose  of  horse  serum,  the  antigen  itself. 

Now,  then'  lie  tw(»  points  to  be  cleare<l  out  of  the  way  before  we  proceed. 
Fresh  serum  of  all  animals  ♦•ontains  a  toxie  t:Mie(%  which  eanses  eontrnetion  of 
smooth  muscle;  liiis  ])ro|x»rty  diminishes  cunsuierabiy  as  the  serum  is  kept  and 
has  nothing  to  do  witli  the  anaphylactic  reaction.  A  umch  larger  dose  has  to  be 
given ;  but,  in  the  testing  of  the  anaphylactic  phenomenon,  the  fact  must  bs 
remeralxiretl.  The  curves  of  Fig.  259  show  that  the  doses  given  have  no  effect 
of  this  kind.    Secondly,  it  might  be  supposed  that  the  normal  guinea-pig  uterus 
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is  particularly  sensitive  to  horse  serum,  as  compared  with  other  sera.   This  is 

found  not  to  oe  t!io  case  ;  a  dose  of  horse  serum,  just  as  lar^^e  as  that  of  any  other 
serum,  is  required  to  cause  contniction  of  the  nurnml  uterus. 

Although  the  specificity  of  the  reaction  appears  to  be  io  great,  and  is,  in  fact, 
untler  proper  conditions,  sufficiently  so  to  serve  as  a  delicate  test  for  the  antigen, 
there  are  some  facts  which  show  that  it  is  really  only  of  a  quantitative  nature,  and 
also  that  the  phenomena  of  specific  immxmisaiion  snare  this  characteristic.  Dale 
fitifls  (p.  188)  that  if  tho  cruinoa  pigs  are  sensitised  simultaneouHlv  to  horse  serum, 
hheep  s»  rum,  and  egg-white,  an  can  Ije  done,  the  sensitiveness  to  horse  jseruoi, 
although  present,  is  comparatively  low.  To  understand  the  further  evidence,  we 
muat  consider  the  fact  of  det^miiUaiim.  Suppose  a  uterus,  sensitive  to  horse 
serum,  has  been  tested  with  a  fairly  large  doso  and  has  given  a  powerful  contrac- 
tion, it  i?  found  f  i  he  incapable  of  response  to  a  second  dose.  It  is  evident  that 
some  kind  of  retictiun  has  taken  place  between  the  seo^itised  tissue  and  the  antigen, 


Vitt.  280l  Immcxisbd  imacs  sensitive  to  sera  othek  thak  ths  antiobn. 

DCSENSITISATION. 

Guin«a-pi^  ininmniwcl  to  horse  scrum  by  ttn  ir]Jf»f!ioTi- 
Tested  (or  anaphylaxis  twenty -four  days  atttr  the  laut  injectioti.  Perlused. 
,  0-5  C.C.  aheep  serum  causes  contraction  and  sub«e(|oaDt  dCMDllttHttoa  Iter  %  tartbiV  doM  «t 
(After  dimg«  of  bath)  0  1  c.c.  bom  serum. 
C,  (Afwr  further  chancre  of  bath)  0*5  ce.  •he«p  mnim. 

/?,  Fru^h  RinkTiT    ihit it m, 

X>,  0*5  cc  horae  serum  (the  first  dose  was  not  large  enough  to  effect  oomplet«  dea«uitit.t«iiiiaD). 

(Dale,  1912,  Fig.  12.) 

in  which  the  sensitiveness  of  the  tissue  has  been  abolished.  It  appears  that  the 
antigen  has  fixed  itself  in  such  a  \v;i\  n  to  prevent  the  action  of  further  doses. 
Take,  next,  the  above  uterus  sensitised  t'.  tlirec  antigen'?.  Treat  it  first  with  .sheep 
serum,  so  as  to  desensitise  it  to  tins  antigen.  Its  .sensibility  to  lior.se  serum 
IB  now  also  very  small,  but  is  unaffected  towards  egg-wliite.  If,  however,  tlie 
uterus  be  first  desensitised  to  egg>white,  it  is  found  to  be  desensitised  to  both  the 
others.  In  another  experiment,  it  was  found  that,  by  first  treating  with  sheep 
serum  (p.  189),  tho  sensibility  to  ecj^j  white  was  ijre.itly  diminished,  though  not 
abolished.  Furtiier  evidence  is  afibrded  by  the  behaviour  of  the  uterus  of 
animals  immunued  by  repeated  doses  of  horse  serum.  It  is,  of  course,  well  known 
that  such  animals  are  no  longer  sensitive  to  a  small  dose  of  the  antigen.  But  the 
isolated  uterus  itself  still  remains  capable  of  anaphylactic  reaction.  A  series  of 
ten  injections  of  hor-^e  senun  was  given,  at  first  at  thife  days*  interval,  tliat  is, 
during  the  "incubation  period"  of  anaphylaxis,  (^n  testing  the  utf^rus,  it  was 
found  to  be  sensitive  to  sheep  serum,  though  less  so  tlian  to  horse  serum.  It  was 
desensitised,  however,  to  sheep  serum  in  the  process,  so  that  the  plienomenon  was 
a  genuine  anaphylaxis  (see  Fig.  260).  These  facts  seem  to  exclude  explanation  by 
specific  "chemo*receptors."  If  there  is  a  particular  receptor  for  egg-white,  for 
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example,swhtrli  is  taken  possession  <>f  in  treatment  with  the  antigeo«  why  is  Uie 
tissue  thereby  made  insensitive  to  sheep  and  horse  serum  also  1 

U  three  months  vera  allowed  to  elapse  after  the  last  injeetioo  of  honw  serum, 
although  the  immunity  of  the  whole  animiJ  was  still  present,  the  anaphylactic 
reaction  of  the  excised  uterus  had  nearly  disappeared.  This  latter  kind  of 
immunity,  by  disappearance  oi  sensitiveness,  must  not,  of  course,  be  confused  with 
the  immunity  conferred  by  the  presence  of  antibodies  in  the  blood,  which  are 
supposed  to  neutralise  the  antigen  before  it  has  attacked  the  tissues. 

It  has  been  already  mentioned  that  the  blood  of  an  anaphylactic  animal  can 
produce  the  state  in  a  normal  one,  so  that  Dale  made  expersments  to  see  how  far  a 
normal  uterus  could  l>e  sensitised  })y  treatment  with  *>erum  of  a  sensitised  animal. 
It  was  found  comparatively  easy  to  resensitise  an  anaphylactic  uteruis  which  had 
been  desensitised*  Mere  contact  for  some  hours  with  not  too  dilute  a  serum  of  a 
sensitised  animal  was  sufficient.  Perfusion  of  a  normal  utems  with  diluted  serum 
from  sensitive  animals  also  conferred  a  decided  sensitisaticttL  It  is  evident,  then, 
that  interaction  with  other  organs  is  not  necesRarv  for  the  reaction  in  tlie  guinea- 
pig,  and  it  was  found  that  the  bronchial  spasm  could  be  produced  even  when  the 
liver  and  intestines  were  removed.  In  the  dog,  the  reaction  in  the  liver  produces 
some  secondary  reactioas,  by  which  toxic  substances  are  sent  into  th{  blood, 
causing  exaggeration  of  the  symptoms. 

Certain  theories  have  been  suggested  in  explanation  of  the  phenomenon.  Thai, 
there  is  some  sort  of  interaction  between  the  antigen  and  some  constituents  of  the 
serum  is  indicated  by  the  results  of  Anderson  and  Frost  (H>10),  who  found  that 
serum  from  a  sensitised  animiJ,  after  di<^estion  with  antigen,  produced  symptoms 
resembling  anaphylactic  shook  when  injected  into  normal  animals.  Experiments 
of  this  kind  led  to  the  theory  of  a  kind  of  proteolytic  digestion,  but  Doerr  (191-. 
p.  337)  has  shown  that  similau*  elFects  can  be  obtained  from  secum  that  has  been 
digested  with  kaolin  or  kieselguhr.  Further,  I>oerr  and  Moldovan  (1912)  find 
that  many  of  the  symptoms  of  anaphylactic  shodc  can  be  obtained  by  intravenoos 
injection  of  some  inorganic  oollcnds,  such  as  silica. 

According  to  Dale,  these  latter  experiments  indicate  the  direction  in  which  to  lo.  .k 
for  a  more  satisfactory  explanation  than  the  protein  digestion  theory.  In  addition 
to  the  facts  mentioned,  the  absence  of  any  perceptible  latent  period,  the  sudden 
onset,  and  the  gradual  decline  are  quite  unlike  any  enzyme  acti<nL  ^Hie  eifect^  in 
fMt»  it  like  that  of  a  powerful  stimulating  drug,  such  as  ^-iminaaolylethylamine. 

The  action  of  inorganic  colloids  is  usually  to  give  rise  to  mutual  precipitation 
or  aggregation,  when  mixed  with  protein  solutions.  Dale's  experiments,  as  he 
points  out,  show  that  the  colloidal  interaction  must  take  place  on  the  muscle 
fibres  tliemselves  and  need  not  actually  go  so  ixLt  as  precipitation.  In  the  light  of 
the  work  of  lillie  and  otfaen  (page  298),  on  the  increase  of  permeability  in  the 
state  of  excitation,  it  seems  highly  probable  that  the  contraction  resulting  from 
the  interaction  of  the  sensitised  muscle  fibre  with  the  antigen  is  a  consequence  of 
increa8e<l  permeability  of  the  cell  membrane.  This  view  is  supported  by  the  fact 
that  the  presence  of  calcium  salts  tends  to  oppose  tlie  reaction,  as  would  be 
expected  from  their  rdation  to  colloidal  processes.  As  Dale  says  (p.  221), 
"  The  action  of  the  antigen  in  extreme  dilutions,  the  saturation  of  the  antibody 
(desensitisation),  the  cessation  of  the  effect  when  the  union  of  the  antibody  sod 
antigen  may  be  supposed  to  be  c<unplete,  all  find  their  reasonable  explanation." 

Dale  (1U20)  points  out  the  resemblance  of  the  antibody  causing  anaphylaxis 
to  that  which  precipitates  its  antigen,  the  so-called  "  precipitin."  "The  remamhle 
difieience,  in  physiological  response  to  the  antigen,  between  the  anaphylactic  and 
the  iuniiune  animal  depends  on  the  difierent  distribution  of  the  antibody  between 
the  blood  and  the  cells."  The  reaction  in  the  former  case  takes  plac(  in  the  cells, 
while  an  excess  of  antibody  in  the  blood  protects  the  cells  by  removing  the 
antigen  from  the  sphere  of  action  before  it  reaches  them.  The  different  type  ol 
efiects  in  different  species  of  animals  b  that  shown  to  various  pfotein  derivativeB, 
including  histamine.  Anaphylaxis,  then,  is  not  the  opposite  of  immunity,  but  is 
*'  the  physiological  response  of  an  animal  in  a  certain  phase  of  immunity  to  the 
artificial  test  which  we  impose."  For  further  particulars  and  criticism  of  other 
hypotheses,  the  original  lecture  should  be  consulted. 

I  have,  spent  some  time  in  the  description  of  these  experiments  heoauae  thej 
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apply  not  only  to  anapliylaxis,  but  to  itniuuiuty  in  general.  In  connection  with 
ihem,  the  landamental  paper  by  Wooldridge  on  "Chemical  Protection*'  (1888) 
flhottld  be  referred  to.    The  main  resnli  of  this  work  was  to  show  that  a  Bolation 

of  a  "  tissTie-fibrinogen  "  could  confer  specific  iiiiTm^in'tv  The  solution  was  pre- 
pared from  the  thymus  of  normal  rabbit-  :  it  was  partly  coagulated  by  boiling 
and  pressed  through  fine  linen,  so  as  to  obtain  a  very  fine  suspension.  When 
injected,  this  suspension  was  found  to  confer  immunity  against  anthrax.  Thus, 
it  was  shown  "that  immunity  can  be  obtained,  hot^  as  had  previously  been 
supposed,  only  by  the  inoculation  of  attenuated  micro-organisms  or  their  products, 
i»iit  by  the  administration  or  introduction  into  the  system  of  a  chemical  substance 
wiiich  had  never  come  into  relation  with  or  was  in  no  sense  a  product  of  the  life 
of  a  microorganism  "  (Introduction  to  "  Collected  Papers,"  p.  2d). 

PHAGOcnrrosis  and  ^^Opsoninb" 

Certain  specific  substaaoea  have  been  described  which  are  supposed  to  increase 
tho  tnki!i'^'  up  tif  inicro-organisms  by  leucocvtps.  This  is  said  to  be  done  by 
Jill  action  of  the  micro  organisms  of  such  a  nature  as  to  make  them  attractive  to 
their  devourers.    The  work  of  Ledingham  already  referred  to  (page  3), 

has  shown  that  mere  agglutination  is  sufficient  for  the  purpose.  Further  evidence 
against  the  necessity  of  assuming  specific  *' opsonins"  is  given  by  Savdienko  and 
Arist'ivsky  (1912).  They  sliow  that  the  optimum  reaction  of  the  medium  for 
phagocytosis  is  the  same  as  that  most  favourable  for  the  adsorpticyn  of  the  '"alexin  " 
by  the  object  of  phagocytosis ;  and  that  phagocytosis,  as  showing  itself  by  the 
mntnal  attraction  (relative  surface  tension)  of  the  leuootnrtes*  and  the  object,  and 
by  the  moistening  of  the  object  by  tiie  protoplasm  of  the  leucocyte,  depends  on  the 
adsorption  of  the  alexin  by  the  object  of  the  phagocytosis.  The  meaning  <A  the 
alexin  "  requires  further  investigation. 

■ 

SUMMARY 

There  are  a  large  number  of  substauceii,  acting  powerfully  in  minute  amount, 
which  are  of  great  importance  in  physiological  processes. 

One  class  of  these  consists  of  the  hormones,  or  chemical  messengers,  which  are 
produced  in  a  particular  organ,  pass  into  the  blood  current,  and  proiduce  effects  in 
distant  organs.  They  provide,  therefore,  for  a  chemical  coordination  of  tlra  activities 
of  the  organism,  working  side  by  side  with  that  through  the  nervous  system. 

The  most  typical  instance  of  this  kind  is  the  pancreatic  secretin.  Methods  of 
preparing  active  secretin  solutions,  free  from  the  depressor  substance,  are  given  in 
the  text. 

There  is  evidence  that  a  similar  substance  is  produced  from  the  pyloric  mucous 
membrane,  and  excites  the  secretion  of  gastric  juice. 

The  internal  seeretionsy  formed  by  ductless  glands,  as  well  as  by  otiier  tissues, . 
belong  to  the  class  of  hormones. 

The  remarkable  rdationship  ol  the  medulla  of  the  suprarenal  gUnds  and  its 
secretion,  adrenaline,  to  the  sympathetic  system  is  discussra  in  the  text. 

Certain  drugs,  such  as  nicotine  and  pilocarpine  pit>duce  a  part  of  their  e^ts 
by  stimulating  the  secretion  of  adrenaline  into  the  blood. 

The  respiratory  centre  is  stimulated  by  the  in<»ease  of  h3^rog6n  ion  concentra- 
tion in  the  blood,  due  mainly  to  carbon  dioxide,  a  parahormone.  In  Gley's  sense; 
There  is  no  satisfactory  evidence  of  its  acting  as  a  specific  hormone. 

The  various  hormones  arising  from  the  sexual  glands  are  responsible  for  the 
development  of  the  secondary  f^exual  characters.  These  hormones  appear  to  be 
produced  by  the  interstitial  cells,  m>t  by  the  generative  cells  theinHelves.  The 
corpora  lutea  of  the  ovary  are  responsible  for  the  first  stages  of  uterine  hypertrophy 
and  for  the  growth  of  the  mammary  gland. 

There  are  certain  "ductiess  glands,"  pituitaiy,  thyroid,  and  thymus,  which 
have  a  marked  influence  on  growth  in  general. 
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Complete  removal  of  the  pancreas  results  ia  the  productioD  of  severe  diabetes. 
The  structures  re^onsible  for  the  "antidiabetic"  hormone  are  the  islets 
Langerhaos. 

There  are  interrelations  between  certain  of  these  internal  secretions*  bat, 
at  present,  their  nature  is  still  very  obscure. 

Some  evidence  exists  of  the  production  of  hormones  in  plants. 

The  mode  of.  action  of  drugs  is  discussed  in  the  text  The  conclusion  arrived 
at  is  that  the  chemical  structure  alone  throws  very  little  light  on  their  actum. 

Tlie  theory  of  " chemo  receptors "  or  special  receptive  side-diains  in  the  cell  14 
found  to  be  contrary  to  manv  farts,  and  to  V>f  sfeneralh'  inappropnnt^*.  WliU?  tli€» 
celb  tuke  up  certain  alkaluids,  such  as  utrupme,  which  cun  be  regained  from  chetn, 
they  do  not  take  up  any  detectable  amounts  of  strophauthin,  which  acts  in  direct  pro- 
porti<m  to  its  concentration  outside.  'It  is  probably  adsorbed  at  the  cell  membrane. 

In  the  explanation  of  specific  ^  action,  phenomena  due  to  surface  action,  sad 
other  physical  forces,  have  to  be  taken  into  account.  In  fact,  many  of  the  suppoMd 
ca.<tes  of  extreme  specificity  have  Ijeen  found,  on  inquiry,  to  be  due  to  factors  other 
than  specific  chemical  relationship. 

The  properties  of  certain  irulivifhial  dru;^"^.  of  p}ivsiolo;^ical  intere-vt.  art 
descnbtnl  in  the  text.  8ucli  are,  acetyl -choline,  strychnine,  nicotine,  pilocarpims, 
atropine,  hyosciue,  veratrine.  and  ergotoxine. 

Certain  substances  of  colloidal  nature,  probably  all  of  protein  const itutioii, 
such  as  the  bacterial  toxins  and  foreign  proteins,  give  rise  to  the  production  in  tfaf 
blood  of  antibodies  which  are  capable  of  neutralising  in  various  ways,  the  actiwi 
of  the  antigen  injected. 

If  an  interval  of  not  less  thun  eight  to  ten  days  elapses  after  an  in  j»^r-tion 
one  of  the'^e  substances,  the  aniftial  is  found  to  be  supersensitive  to  tlie  aritiiier, 
(anaphylaxis).    If  an  antigen  usually  inn<x;uous,  such  as  egg-white,  is  injected  la 
this  sensitive  state,  severe  symptoms  are  produced. 

Under  certain  conditions,  the  state  of  anaphylaxis,  is  very  specific,  an  isokt^J 
organ  reacting  only  to  the  actual  antigen  alone.  But  results  obtained  by  Dsle 
indicate  that  the  property  is  merely  one  of  degree.  Organs  sensittaed  by  ooe 
antigen,  under  particular  conditions,  may  react  to  a  different  substance. 

The  theory  of  specific  ehcnio  rereptoi'S  does  not  jriv  e  a  satisfactory  account  uf 
the  phenomena.  The  explanation  appears  to  ho  in  a  colloidal  prf»<*ipitaMon 
process  at  the  surface  uf  the  »ensiti^•e  cells,  by  which  their  semipeniieabihty  U 
more  or  less  destroyed. 

Immunity  and  anaphylaxis  are  closely  related  phenomena. 

Ilesult«  have  been  obtained  by  Wooldridge,  which  show  that  tissue  extracts 
frcnn  normal  animals  can  be  obtained,  which  are  capable  of  conferring  immunitj 
in  a  similar  way  to  the  specific  antitoxin  obtained  by  bacterial  inoculation. 

The  facts  connected  with  the  increase  of  phagocytosis  by  the  so^xlleil 
"  opsonins  "  are,  in  all  probability,  to  be  exi>laineti  by  adsorption,  causing  disoga 
in  surface  tension.    They  are  only  to  a  limited  degree  specific. 
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Note. — In  the  transcription  of  Run^ian  names,  it  is  usually  the  custom  to  adopt  the 
German  form.  Although  this  is  coirect  for  the  German  reader,  it  in  not  so  in  English. 
With  the  aid  of  my  RaauAii  friends,  Pkof.  Babkin  and  Dr  Anrep,  I  have,  therefore, 
tulopted  a  spelling  which  gives,  as  ftv  as  possible,  the  Russian  pronunciation,  using  the 
£ngliah  letters.  For  instance,  there  is  a  single  letter  which  has  to  be  repnxluml  in 
German  as  "Tsrh,"  but  the  sound  of  this  letter  can  be  simply  given  in  English  a-s  "ch  "  in 
"which."  The  name  fi-equeutly  given  as  "Pawlow"  ought  to  be  written  "  Tavloy  '  in 
English,  and  so  on. 

Hie  same  remarks  apply  to  inany  Japanese  names,  whidi  are  frequently  given  in  their 

German  spelling. 

This  practice  applies,  of  cotir-se,  only  to  languages  which  do  not  use  the  Latin 
charai  tci  s ;  in  those  languages  which  do  so,  French,  German,  Italian,  etc,  the  names  are 
spelled  in  their  original  form. 

In  order  to  shorten  the  titles  of  journals,  I  have  made  use  of  a  certain  number  of 
abbreviations^  whose  meaning  will  generally  be  obvious ;  but  their  significance  will,  in 
any  case,  be  found  in  the  following  table 


Abh.,  AbhaiMnQiig. 
Aoad.,  Aosden)y,  Acsd^mie. 
Aooad.,  Accademia. 
Akad.,  Akademie. 

Agr..  Agriculture  and  the  similar  word  in 

other  languages. 
Amer.,  Amenean. 

Atiat . ,  Anatomy  or  anatomical,  or  similar. 

Ann..  Annalen,  Annalea,  Annals. 

Anz.,  Anzeiger. 

Arb.,  Arbeiten. 

Arch.,  Archives,  Archiv. 

Beltr.,  Ik'itrage. 

P»er. ,  Bericlite. 

Hiocb.,  Biochemical,  Biocheraisch. 
Bot.,  Botany,  Botanical,  eta 
Ghem.,  Chemical,  chemisoh.  * 
Gbiai.,  Chimie. 

Gbem.  Ber.,  Ber.  der  Deutsohen  chem.  Oes. 

Clin.,  Clinical,  Clinics. 
Com  par..  Comparative. 
C.   K.,   Comptes  rendas  de  Taoadteiie 

fran^aise. 
Dtsch.,  Dentseh. 

Entwickl.,  Ent\vi<  klungsmechaaik. 
Kxper.,  Experimental. 
Fol.,  Folio. 

(Jes.,  (Jcsellfchaft. 
Hyg.,  H>j{iene. 

Immun.,  ImmuDit&tsfonNmuig. 

Inst.,  IiiHtitute. 

Intcrnat.,  InternationaL 

Jahrb.,  Jahrbooh. 

.Tl. .  .Tiinn:al. 

Lriuidw.,  Landwirtechaft. 

Med.,  Medidne,  afiediosl,  eto. 


Micr.,  Microsoo^io. 
Mikr..  Mikroecopisch. 
Mon.  H.,  Monatsbefte. 
Mon.  8enr.,  MonatsebrifU 

N.  F. ,  Xeuf  Folge. 

Pathol.,  Batholo£y',  etc 

PhytikaL,  Physikaliseh. 

Physiol.,  Physiology,  physiological,  physi- 
ologic, physiologisch. 

Pharmac,  rharmacology. 

Pharmakol.,  Pharinnk(>t«i>.'ie. 

Phil.  Trans.,  PhUai»oplncal  Transactions  of 
the  Royal  Society. 

Proc.,  Proceedings. 

Protist.,  Protistenkunde. 

PsychoL,  Pf-y  liok^,  eto. 

Quart.,  (^uaitt  rly. 

Kcc. ,  Kecueil. 

H.  8.,  Hoyal  Society. 

Sci.,  Science,  Scienze. 

Sitz.  Ber.,  Sitzungsberichte. 

Soc,  Society,  SiKi*  tt>.  etc.  ^ 

Soc.  BioL,  Soci^te  de  Biologic. 

Trans.,  Transactions. 

Trav.,  Travaux. 

VeraL,  Vergleichende. 

Vern.,  Verhandlnngen. 

Vers,,  V»T-n.  1i-;station. 

Veter.,  Velcrmary,  etc. 

Wise.,  Wissenschaften,  wissensofaaftlich. 

W(Kh.,  W.K-hens^chiift. 

Zhl.,  Zcntralblatt. 

ZiKil.,  Ziiology,  Zoologies 

Zii.,  Zeitschrift. 

Ztg.,  Zeitung. 
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Cardiometer,  683 

Camot  and  Clausius,  principle  of.  27^ 
Carotin,  5o9.  561 
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Catalyst  acts  in  ver^'  small  amount,  SMi 
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C<m»plcx  a<Lsor])lion,  1(17 

—  colloidal  systems,  I07 

'      -  proteins  as  aggregates,  Uil 
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Cones,  movoments  of, 

—  relation  of,  to  acuteness  of  vision,  j21 
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 in  relation  to  permaibility,  122 

 to  stability  of  colloi<ls,  144 

 of  colloids,  ail 

 on  surfaces,  cause  of,  53i  HO 

 eflect  of  electrolytes  on,  ^  7L  ^± 
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—  free  and  l)oun<l,  21 
_  of  food,  242 

—  -  of  nidiation  from  sun,  51S 

—  re«iuired  for  nitrifying  i>rgiiniJ<niH,  2^ 
.-  source  of,  in  anaerobiosis.  »>H»,  till 

—  used  in  cell  processes,  32 

—  valneof  f.HKl,  minimum  re<iuirenientof,  2i4 


Entelechy  in  biology,  '2S[L 
Enteral  system,  IM 
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—  physical  pmperties  of.  32o 

—  production  of,  322 
Epicritic  Hensibility,  alii 
Epithelium  of  lung  alveoli,  Ij21i 
Equation  of  state,  lili 

—  applied  to  li<iuid»,  119 
 to  solutions,  LiO 

Equilibrium,  apparent,  in  photo  chemical 
reaction, 

—  constant,  IH.').  321 

—  different  under  enzyme  and  under  acid, 

3iQ 

—  effect  of  temperature  on,  44 

—  in  ester  systini,  209 

—  in  glyccrol-glucoside  system,  299.  iMlQ 

—  in  lipase  system,  299,  3110 
_  is  death,  31 

—  through  cell  membrane,  LUi 

—  unaltered  by  atldition  of  enzyme,  309, 

310 

E<|uivalent  conductivity,  ilo 

Erepsin,  324 

ErgasUjplasm,  33!i 

Ergometer,  bicycle,  44ii 

Ergotoxine.  action  of,  234 

Error,  truth  from,  xv 

Esprits  aniniaux,  49ii 

Eutectio  mixture,  11 

Evolution  of  excretory  organs,  3ai 

 of  temperature  regulation,  4j8 

Excitation,  377 

—  at  anotle,  3ii0 

—  conduction  of,  in  plants,  4il 

—  -  in  relation  to  iwrmejibility,  liiS,  Ifiiti 
_  |>olrtr,  SHI 

—  process  in  muscle,  397 
Excitability  in  planU,  421i 

—  of  protopljvsni,  32!i 

Excitatory  pr«xess  and  electrical  change. 

Excretion,  3li2 
Exogenoui*  meta>»olisni,  2lil 
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Exponential  function,  3il 

Kxtensor  thrust,  iilll 

Kxternal  anil  internal  phawa,  Til 

—  phane  as  dilute  84>lution,  72 
Kxtinction  ooefticient,  aiiQ 
Kye  of  cephalopod,  ."ilrt.  j21 

—  of  Liz7.ia,  alii 

—  of  Peoten,  alH 

—  of  vei  tebrates.  origin  of,  iilfi 


F 

FaciliUtion,  47L  ^ 
Facultative  anaerol»es,  ft  10 
False  eiiuilibriuni,  .'^Oft. 
Faratlay  constHot,  LUl 

—  portrait  of,  171 

Fanulay's  views  on  i^atilysif*,  31Mi 

Faraday-Tyntlall  phenomenon,  74^  19 

Fat  as  source  of  energy  for  muscle,  279.  lifl 

—  digestion  of,  375 

—  formation  of,  from  carhohydrate,  218 

—  metabolism  of,  277 

—  not  formed  from  protein,  27U 

—  value  of,  as  fixxl, 

Fatigue  distinguiwhttl  from  inhibition,  501 

—  in  muscle,  iill 

—  in  nerve,  3flU 
 cells,  471 

 centres,  seat  of,  4^  451.  475.  ISl 

—  in  stellar  ganglion,  ilU 

—  of  (electrical  eirgan,  U<il 
--  of  inhibition,  422^  ^ 

—  part  playe<l  by,  in  reflexes,  5111 

—  prcKlucts,  washing  away  of,  4iil 
Fat  soluble  A  factor  of  diet,  25« 
Fermentation,  energetics  f»f,  61Q 

—  heat  production  in,  .>1>4 
Ferments,  liOT 

Ferric  hydmxido,  colloidal,  M 
Fertilisation,  increased  i)ermeability  in,  111 

—  of  ovum,  291 
Fever,  271,  2SS,  2«9i  4ii8 

Fibrin,  action  of  pepsin  on,  a«  acid  efTect,  3fl8 
Figiire  of  merit  of  galvanometers,  Ml 
Filtration  theory  of  glomerular  function, 
Final  common  path,  471.  475.  477 
 always  open,  489 

—  equilibrium,  enzyme  no  member  of,  309 
Fischer,  Kmil,  portrait  of,  2iil 

Pish,  osmotic  pressure  of  blood  of,  Lfiu 

Fistuhe,  methfxl  of,  371 

*'  Fitneaa"  of  carbon  dioxide,  2Si\ 

— -  of  water, 

Fixation  of  cells,  12,  IB 

—  of  dyes  by  licat,  fix 
Fixed  air,  Bl»M?k  on,  006  . 

—  cells,  conclusitms  «lrawn  from,  Ifi 
Flavones,  .197 

Flow  through  tubes,  2dLl  « 


Flowers,  colours  of,  591 
Fluorescence,  5tJ6 

—  in  cells,  9 
Foam,  II 

Fog,  n 

Food,  changes  of,  in  digestion,  3IS 

—  molecules  and  biogens,  \& 

—  necessary  constituents  of,  241 

—  special  retjuirements  as  cell  components, 

255,  2M 

 as  constituents  of  h«>rmoneB,  2o*i 

—  use  of,  246 

Food-stuffs,  chenucal  complexity  of  neces- 

sary,  2411 
Forced  breathing,  ii21 
Form  of  energy  in  muscle,  443 
Formaldehyde,  action  of,  on  cell  membrane, 

I3<; 

—  formed  by  light  in  presence  of  iron,  5fii 

—  in  photo-synthosis.  564 

—  polymerised  by  light,  L»il6 
Free  energy,  21 

—  nerve  endings,  stinnilation  of,  501,  Mil 
Freezing  of  living  pmtuplasm,  II 

—  point,  determination  of,  LSi 
P'rey'a  hairs,  514 

Friction,  304 

—  of  solute,  Lai 
Frictional  electricity,  HQ 
Frog,  i-enal  mechanism  of,  35G 
Fructose  from  formaldehyde,  5&k 
Fulgides  of  SU>bbe,  iifiH 
Function,  mathematical,  311 

—  of  nerve  fibre  determined  by  ending, 

4'ifi 

Functional  activity  and  electric  «  harge,  121 

changes  in  permeability,  124 
Fungi,  ftxid  re<|uirenients  of,  24>$ 
Fusion  of  pscudopodia,  22^  V2Si. 


G 

(iall,  work  of,  on  the  brain,  iltfl 
Oalvanonieter  of  M*j11,  Ml 

-  string,  640.  r>4l.  ti42 
Oalvanometi-rs,  63il 
(Janietes,  29L  223 

Gas  blatlder  of  fishes,  3fil 

-  ions,  31.  170. 

-  law,  32 

(iaskell,  portrait  of,  fiiiQ 
t;a8keir8  heart  clamp,  fifil 
(Jivstric  juice,  chemicAl  mechanism  of  secre- 
tion, 3!Z2 

-  secretin,  71>^ 

Gay  Lussac's  law,  142 
Gel,  18 

(Jelation  in  cell  division,  13 

-  in  living  prtitoplasm,  19.  22 
i  icls,  structure  of,  H,  lis 
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(Jeneral  physiology  defined,  xii 

—  meaning  of,  291 
(ieotropifim,  5*2*. * 

(iinnt  molecules,  LL  007,  T.'tl 
(tihivs'  principk*,  55 
(Jiz/jinl,  313 

GlandH,  mutlps  of  stimulation  of,  343 
(ilonicruluH  of  tliu  kidney,  3.'^C 
(llucoRe  consumption  l»y  glands,  342.  ;U3 
 by  tissues,  273 

—  diagram  of  nu^taholisni  of,  273 

—  in  corpuscles  and  plasma,  122.  L2G 

—  used  by  nmsele,  44}> 
(ilucunmic  acid,  277 

Glyceric  aldehyde,  relation  of,  to  glucose, 

(Jlycerol  ff»rmed  fi-om  glucose,  27') 

(Jlycino,  state  of,  in  water,  2.32 

(ilycogen,  284) 

(tlyoxalose,  275 

<Iold  number,  91 

(lolgi  apparatus,  6 

"dood"  exiH»riment«,  xvii 

(!raaf,  R^^nc  de,  figure  fif  d«»g  with  fistuhe, 

an 

—  portrait  of,  311 
(rraatian  follicles,  I2U 
(•raham,  |)ortrait  of.  Jfi 
Graphic  methiKl,  4(M) 

(trass  toxic  to  apple  trees,  72<> 

(Jri«en  plant,  food  requirements  of,  248 

-  nitrogen  fo«»d  of,  2."d 
Grey  rami,  ISl 
Grignanl's  reagent,  iMg 
(irotthuH*  law,  .">4S 

Growth,  accessory  faotor»  for,  2.14 
 suppli«>4l  by  mother, 

-  and  size,  29<> 

—  iM  /iV/-o,  23^  28L  I3a 

—  i»f  yeast,  matliematical  law  of,  2WI 
(fuaia^-onic  acid,  oxidation  of,  Qyi 
Ituanidinc,  7'.2.'> 

(Jum  arabie,  707 


H 

Habit  in  insec  ts  and  earthworm,  4S2 
Ha-matin,  .'»«!<> 
Ha'mutinic  acid,  ."»<'>(> 
Ha-matocrite.  12<> 
Ha-matoporphyrin,  ."MiO 
Ifa-min,  .">6() 
Ha^mocyanin,  til. 3 

—  and  phase  rule,  r>lS 

Jla'moglobin,  action  of  saitn  on  dissociation 
t.f,  215 

—  aggregation  of,  t'>23 

—  an  electro-positive  colloid.  2ii 

—  an»l  phase  rule.  t"il7 

—  as  colloid,  61<i 


Ha-mnglobin,  infra-red  al«orption  f»f,  »V2-') 

—  molecular  weight  of,  621 

—  optical  properties  of,  iji2^ 

—  osmotic  pressure  of, 

—  relation  of,  to  chlorophyll,  ^ 
Uaemolysin,  action  of  salt.s  on,  2l.'i 
Hwrnolysis,  133^  liQ 
Ha'mo-pyrrol,  .Kil 

Hales,  blood  pressure  experiment  of,  <>73 

—  on  mathematics,  32 

—  portrait  of,  (w3 
Hallwachs'  ettect,  all 

Hanlness  as  test  of  muscular  tone,  .'">38 
Hanly's  law  of  valency,  Jfi 

—  rule, 

Harmony  with  nature,  licrnanl  on,  xvi 
Harmo8one«,  713 

Han'ey  and  the  circulation  of  the  bloo<l,  fM^ 

—  portrait  of,  B67 

Harvey's  manuscript  not<^'8,  <ir>8 
Head,  evolution  of,  477 
Head's  diaphragm  slip,  fi.33 
Hearing,  evolution  of,  ">27 
Heart  beat,  origin  of,  »>8<> 

—  oxygen  consumption  of,  012 

—  sounds,  <i77 

Heat,  action  of,  on  enzymes,  31 1,  318 

—  c<mtre,  liarbour's  experiments  on,  ^n. 

—  coagulation  of  proteins,  liKi 

—  formation  in  secretion,  343 

—  of  adsorption,  fij 
 of  ga-ses,  <i2I 

—  of  combination  of  oxygen   and  h;cmo 

glol>in,  (i2<) 

—  of  combu8ti(m,  32 

—  of  neutralisation  of  acids.  Ity. 

—  pnxluction,  2S1I 

 in  muscular  work,  4.'>4> 

—  -  -  in  relation  to  rate  of  stimuli,  4iil 

 in  restoration  of  muscle  energy,  440 

 -of,  in  muscle,  444 

Helioti-opic  cur\ature,  liJ}J 

Helniholtz  double  layer.  ^  SO,  1^  1^. 

 at  monibrancs,  illustration  of.  r>4S 

—  portrait  of,  .119 
Henry's  law.  tilfl 

Hering's  theory  of  vision,  .'">22 
Hermaphroclite  ioti,  22<) 
Herpc!<  zoster.  Head's  work  on,  2tW) 
Heterogeneous    reactions,    illustration  oi 
snails,  .'t2C 

—  systems,  4^  7i»j  I8 

—  —  reactions  in,  30ti 
Hetero])odH,  senses  of,  .'tl  1 
Hibernation,  metaltolism  in,  278.  289 
High  frequency  currents,  mode  of  action  ot, 

382 
Hirudin.  M) 
His,  bundle  of.  <1*<1 
Histamine,  7f>5 
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Hiatologitwil  staining,  object  of,  fl 
Hoff,  J.  iL  van't.  pliotograph  of  old  labora- 
tory of,  320 

 of,  with  Ostwald,  32J 

 of  workroom  of,  aia 

—  portrait  of,  33^  3i 

—  re»earche«  of,  on  enzyme  action,  3ila 

—  theory  of  osmotic  pressure,  Ul 

 of  Holutions,  33 

Hofmeister  series,  }>2 
Homogontiaic  acid.  431,  432 

—  in  gcotropisni,  i32 
Homoiothermic  animals,  4i»ti 
Hormone,  meaning  of,  112 
Hormones  an  messengers,  712 

—  in  plants,  129  > 

Horned  sheep,  Mendelian  characlerK  of,  2Sli 

Huxley  on  phyniology,  xii 

H^-alopIasm, 

Hydath(Klc9.  IfUt 

Hydrreniia,  332 

Hydration,  nature  of,  22fl 

—  of  ions,  ITSj. 

—  of  Race  ha  rose,  'i3<i 

—  of  «)lutes,  M3,  2311 

—  —  abnorption  spectra  of,  231 

 in  relation  to  <lilution,  232 

Hydrof  hlorio  acid  in  stomach,  secretion  of, 

3jli 

HydrrKiifliwion,  1  ">7 

Hydrogen  as  footi  ffu-  bacteria,  Ifl 

—  electrode,  36,  190^  lid 

—  ion  concentration  in  relation  to  enzyme-s, 

313 

 of  blood,  192.  194.  202 

—  —  optimal  of,  for  heart,  4.>l.  H8(> 
 exponent,  IM 

—  ions,  concentration  of,  1S3 

 excitation  of  respiratory  centre  by. 

m  im 

 increase  of,  in  tr^Titic  digestion,  iLl 

—  —  moafiurement  of  concentration  of,  L82 
 relation  of,  to  muscle  process,  447. 

448.  4.'.4 

—  peroxide  prwluced  by  chlorophyll,  .Vm, 
Hydrol.  233 

Hydrol3'si8  of  cano-Rugar  b^*  acid,  312 
 by  enzyme,  312.  314 

—  of  esters,  hydrogen  ions  determined  by, 

IM 

Hydrolytic  dissociation,  196.  2:iS 

 of  dyes,  lli2 

 and  proteins,  lilM 

—  prevention  of,  238 

—  oxidative  redncing  reactions,  .'iHK 
Hy drone,  23^ 

Hydronol, 

Hydrophile  and  hydrophf»be  (Mtlloids,  7S 
Hydrosol  and  hydrogel.  2i< 
Hydrotropism,  241 


Hyoftcine,  optical  activity  of,  234 
Hypertrophy  of  active  organs,  2iiM 
Hypnosis, 

Hypodynaniic  heart,  211 
Hvi><iplif»sphite  m  rc<lucing  system,  /)92 
HypiJtonio  urine,  331 
Hysteresis  in  colloidal  systems,  4 


van't  HofTs  factor,  Ifia 
Ice,  colour  of,  234 

—  in  steam,  presence  of,  234 
Ideal  illunmiation, 

Ileo  colic  sphincter,  3fi9 
Illumination,  ideal,  uOa 
Imbibition  and  adsorption  of  water,  101 

—  and  osmosis  in  cells, 

—  and  OAmotio  pressure,  1112 

—  by  cmulsoids,  90,  99,  1  Hi 

—  nature  of,  lill 

—  temperature  coefficient  of,  42 
Immediate  spinal  induction,  4iJC 
Immunination,  735i  I36i  737,  23li 
Immunity  of  electric  fish,  tMii 
Imperative  of  energetics,  2S 
Impermeability  of  cells  to  acid  and  alkali, 

121 

 to  crystalloids.  11<5,  Lifl 

Importance  of  basal  sciences,  xiv 

—  of  small  concentrations  (Hopkins),  2Q 
Independent  variable,  311 

Indicator  for  muscle,  440 

Indicators  and  table,  188,  ISft 

~  precauti<»n8  in  use  of,  IH8,  190,  23Ji 

—  theory  of,  188,  238 

—  use  of,  in  coloui-od  solutions,  liiS 
Induction  currents,  3iil 

—  period  in  action  of  light,  fl/io.  fiofi 
Inertia  of  galvanometers,  fiiO 

—  of  phot^)graphic  plate,  33fi 

Inflation  of  lungs,  impulses  in  vagus  pro- 
duced by,  381 
Influence  of  tissues  an  one  another,  25 
Infra-reil  aJj«)rption  of  luemoglobin,  (125 
Inhibition  always  «)f  similar  nature,  41ii 

—  an  active  process,  414.  42."i.  44U 

—  as  adjusting  reflexes,  498 

—  electrical  change  in,  41]fi 

—  in  con<litioned  reflexes,  .*><  !."> 

—  in  nerve  centres,  41ill 

—  is  complete,  410 

—  meaning  of,  4111 

—  more  than  block,  425.  4111 

—  necessity  of,  in  nerve  centres,  4(m,  4Sf> 

—  of  decerebrate  tone,  541 
~  of  dilator  tone,  (Mi 

—  of  inhibition,  391i  415,  Uli  5Qfl 
-  of  inhibitory  neurone.  I  Hi.  .j(H; 

—  of  pancreatic    .  retion  by  vagus.  ^\\\ 
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Inhibition  of  spinal  reflexes  in  frog,  ll£t 

—  of  tonie  reflex,  4(K> 

—  of  vaso-cunstricUir  eentre,  411,  414 

—  of  vaso  (lilat«»r  centre,  IM 

—  of  vasomotor  eenlrea,  UJ 

—  pi-oniineuee  of,  in  eortii  al  ivat  tionti,  480, 

m 

—  Ht'at  of,  in  nerve  eentres,  497 

—  theories  of,  4 IS 

—  M'ftve  of,  in  ureter,  fiM 
lnhiltiU>ry  nerves  to  glands,  .'UP,  iJlS 
Inogen  theory,  *27'2.  44.1 
Instnhilit}'  of  colloidal  state,  75 
Instinct,  1B2 

Intelligenee,  202^  iil2 
Intensity  factor  of  energy,  2S 
Interaction  of  reHexes,  iilMl 
Interferenee  of  waves,  230 

—  theory  of  inhihition,  ill! 
Interferimieter,  2311 

Internie<liate  comp<iiinds  in  ratalj'His,  .1'24, 

 in  enzyme  action,  32fi 

 Oatwald's  criterion  relating  to,  324 

Internal  pivsnure  of  lif|ui<lH,  ^  L3Q 

—  se(;retion.s,  713 
Interplasmie  rea<-ti«»nR.  Ill 
Interrelation  ot  internal  secretions,  7*27 
Intestinal  worniM,  antitrypsin  of,  317 

—  metuholisni  of,  ft]  1 
Intracellular  digestion,  36."> 
Intraniolecidar  oxygen,  3I'2.  441.  44rt.  tiOfi 
Intravenous  injections  made  by  Wren,  IU2 
Intra- ventricular  pressure,  ti7.'> 

Intra  vitjil  staining,  Ml 

 in  relation  to  permeability  <>f  cell,  12 

Invasion  cf»etficient  of  Bohr.  fi'2t» 
Invertase,  312^  aU 
Investigation  of  nerve  centres,  482 
"  lon-proteids,"  lii3 
Ionic  conductivity,  LZli 

—  micellw,  81i 
lonisation,  170 

Ions,  artinily  of,  for  charge,  Jili 

—  as  cheniioal  compounds  of  electrons.  120 

—  eflect  of  t«n»perature  on  hydration  of, 

23S 

—  Farft<lay's  ternunology  of,  LIU 

—  hydration  of,  [78^  23«i 

—  present  a]>art  from  electric  current,  171. 

173.  IIS 

—  symltols  for,  LIl 

—  velo«Mty  of,  1 77 

Iris,  local  recipr«K-al  innervation  in,  4!tS 
Iron  as  peroxiilase.  SS."*.  a8ii 
•  -  compounds  in  relation  to  oxygen,  814. 
(il.'t 

—  content  of  hn-moglobin,  >n4 

—  tilings  a?  statoliths,  d2Si 

--  i'l  cell  as  ciitalysl  for  oxidation,  .'>!>2 

—  in  chloroplast,  otiti 


Irreciprocal  oonductitm  in  nerve  centres, 
47").  4111 

 in  synaptic  membrane.  493 

--  permeability,  lAl 

Irreversibility  of  direction  in  reflexes,  421 

Islets  ()f  I^ngcrhans,  727 

IscK'lectric  point  ,  liM 

Isohydric  solutions,  1119 

Isometric  contraction,  4.30 

Isothermal  process,  32 

Isotonic  coetticients.  160 

—  <-«>ntracti<»n.  4.39 

—  solution,  111 

J 

.lecorin,  liti  » 
.Jelly,  77 

Johne's  bacillus,  growth  factors  of,  2fili 

K 

Karyokinesis,  ♦')90 
Keith  FUek  node.  m. 
Kiclney,  nervous  supply  of,  3iiS 

—  structure  of,  3.")3 
Ki'lnevs,  functitm  of,  SiiS 
Kinicsthetic  centi-es,  4H0 
Kinetic  energy  of  molecules,  85 
 of  pirticles,  fla 

—  theory,  8^ 

—  —  as  theory  of  pr«»babilitieH,  14S 
 of  lii|uids,  148 

"  Kl  >pfversuch,  *  lOl 
Knee- jerk,  47."i 

Kohlrausch's  law  of  migration  of  ions,  IH 

L 

I^accase,  RHTi 

—  artificial,  Qfi 

I^tic  acid  in  blooil  during  work,  *,31 

 formation  of,  in  muscle,  441.  442.  444. 

446 

—  —  loss  of,  in  urine,  449 

 of  muscle,  origin  of,  44fl 

Lambert's  law,  3Q,  550 
Langmuir's  adsorption  theorj',  G4 
Lonthanum  salts  not  hydrolysed, 
Laplace,  internal  pressure  of,  511 
Larmor  on  relictions  in  stages,  5Kl 
Latent  heat,  227 

—  period  of  muscle,  iidS 
 of  reflexes,  488 

Lavoisier  and  his  wife,  p«»rtrail«  of.  fi04 

I  Avoisier's  experiment  on  muscular  work ,  60."i 

Ijiiw  of  Avogadro,  i<\  L4H 

—  -  of  Beer,         .">  1 

—  of  Blagden,  UiH 

—  of  B<»yle,  142 

—  of  Bunsen  and  Riweoi'.  5jfi 

—  of  co«tling,  3wj  Lil 
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—  of  Diilong  ot  Petit,  2lJti 

—  of  fJay  LussAC,  lil 

—  of  <irotthu«<,  "lis 

—  of  Henry,  lilli 

—  of  r^tmltert,  3^  .jjM) 

—  of  Lo  Clmtelier,  44^  tUii 

—  of  Maxwell,  IHQ 

—  of  Miiller,  iUil 

—  of  parBiniony,  M 

—  of  progress  (Gni^kell).  4ft4 

—  of  Raoiilt,  LtM 

—  -  of  specific  energies  of  nerve,  .'tSH 
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Polar  excitation,  3H 1 .  417 
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3;>s 

Polarisation,  Uli 

—  at  electroilcs,  3fK) 
polarised  niemhrane, 
Polymers  in  water,  '-i.'tH 
Polymerisation  a  chemical  change,  •Jrt.'t 
Polypeptides,  1U3 
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—  of  Sherrington,  4S^> 
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Porphyrins,  5fiO 
Position  receptors,  522 
Positive  variation  in  nerve,  3t>2 
Posture,  5ili 

—  -  reflexea  from  labyrinth,  ">0<> 
Potasjtium,  action  of,  on  heart  muscle,  2UL 
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—  acts  on  cell  menibnuie,  li2 

—  in  Helmholtz  double  layer,  212 

—  in  relation  to  vagus  inhibition,  217 
Potential  at  membranes,  liil 

—  energy  of  muscle,  Ml 

—  raised  in  vital  processes,  5lil 
Poverty  and  protein  minimum,  2iiS 
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Preparation  of  colloidal  st>lutions,  lOi^ 
Presentation  time  in  plants,  431 
Preservation  of  neutrality,  lil5 
Pressor  reflexes,  liilO 

Prcasurc  in  imbibition,  LOO 

—  in  plant  cells,  117.  118.  120 
Priestley,  portrait  of,  «iO'i 
Priestley's  discovery  of  oxygen,  tiO<> 
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—  of  Ixi  Chatelier,  61>i 
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Production  of  enzymes,  327 
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—  —  effect  of  foiKl  on,  456 
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Progress,  law  of  ((iaskell),  4l>4 
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—  of  muscle,  .VM) 
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Protection  by  stable  colloids,  21 
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I'rotcin,  conRuniption  (jf,  by  heart,  lilfl 

—  in  cell  nictnhnine,  134.  L3a 

—  ions,  prupertieH  <»f,  UM 

—  memltrunes,  iKjrmeability  of,  Ijl^ 

—  specific  dynamic  actiun  of,  247 
Proteins  tis  antigens,  aili 

—  OS  colloids,  1D2 

—  as  ring  compounds,  2D2 

—  ash  of,  62 

—  chemical  nature  of,  103,  "201 

—  digestion  of,  314 

—  electrolytic  diK8ociation  of,  l(>3  UU 

—  function  of,  in  preserving  neutrality,  'ilt'i 

—  metabolism  of,  2tll 

—  nomencbituro  of,  263,  2fii 

-  of  bhxxl,  not  fo<»d,  107^  288 

—  relation  of,  to  neutral  salts,  1(V>,  221 
I'roUipathic  sensibility,  Mi 
Protoplasm,  absorption  of  ultra  violet  by, 
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—  apparently  structureless,  2 

—  Incomes  gel  on  stimulation  or  death,  (»,  22 

—  Hrowriian  movement  in,  ••,  Hi 

—  changes  effective  concentration  of  water, 
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—  chemical  nature  of,  V± 

—  c«)lloi(lal  nature  of,  ♦» 

—  electrical  stimulation  of,  61  22 
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—  renctionj^  of,  to  environment,  lil 

—  structure  of,  after  fixation,  Li 

—  temporary  organs  formed  by,  2^  3 
Protozw,  food  rctjuiremcnts  of,  211! 
Pseudo-acids,  188 

p8eudo  it»n«,  8tt 

Pseudopodia  and  surface  tensjeMi,  Hi 
Psychiwil  secretion,  372.  r>()3 
Psychology,  412 
Pulse  wave,  tiSli 

Purkinje  system  of  heart,  tioS.  6H2 

—  tissue,  rate  of  conduction  iti,  682 
Purine  metaMism,  211 

—  ring,  source  of,  in  proteins.  ;JI1 
Purines,  2U 

—  fonnetl  from  proteins,  271 
Putrefaction,  610 

Pyloric  sphincter, 
Pyramidal  tract,  477.  479 
Pyrimi<Une,  2r>9.  270 

Pyrrol  in  chlorophyll  and  hiemoglubin,  SfiQ 
Pyruvic  noid,  219 

—  ~  from  gluc<j«e,  27.> 

—  aldehyde  from  gluco.se,  27."> 
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QualiUitive  diflercncvs  in  nerve  impulses, 
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(^uiuita,  theory  of,  28 

Quantum  of  energy  aK  visual  stimulus,  ii22 
Quinine,  photo-chemical  oxidation  of,  ii52 
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Racemisation,  28u 
Hadio-activo  phenomena,  o?.") 
Radio-activity  of  potassium,  214 
Raehlmann's  adsorption  c-om pounds,  tkj 
Rarasden's  surface  condensation,       ftfa^  12 
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Raulin's  culture  solution,  2^ 

liaw  serum,  actiun  of  trypsin  on,  317 
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—  of  blood,  202 

—  time  in  plants,  4^ 
Reactions  in  stages,  u82 
Rebouud  after  inhibition,  4!£l 
Receptive  substances,  344,  4(Ht 
Receptor  mechanism  in  general,  51  \ 

—  neurones,  4ti.'> 

—  organ,  function  of,  477 
-  organs,  ."i  1 0 

Recopt«jrH,  4fi.'> 

—  for  sound,  ^-j-fi 

—  in  plants,  5211 

—  sensibility  of,  5121 
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Recessives  breed  true,  294 

Recipmcal  action  of  reflex  centres  on  each 
other,  4iH> 

—  innervation,  491 

—  —  in  tonus  fron>  labyrinth,  .'><I0 
 in  vasomotor  reflexes,  HtH> 

- — -  in  "  M'illed  ''  movements,  497 
Recovery  of  nerve  impulises  after  decrement, 
384 

Red  and  brown  seaweeds,  ot)7 
ReducA»e,  nature  of,  ■VIS 
R«ducases  in  plants,  .V<« 
Reducing  enieymeK, 

Rinluction  of  carbon  dioxide  by  bacteria, 
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Reflex  actiun,  475.  4M 

—  arc,  properties  of,  4 88 
 simplest  form  of,  4<i^.  475 

—  from  stellar  ganglion,  4"."> 

—  secretion,  effect  of  want  of  oxyj;jen  on. 
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KeHexoH  to  heart  nerve*,  ttfWi 

Kef  taction  in  microscopic  vision,  li 

Refractive  index,  23U 

Kofmctory  periotl  and  permeability,  1.^ 

 irj  heart  muscle,  4.">4 

—  phase  in  reflexes, 
 seat  of,  404 

—  sliite  in  nerve,  SHU 

 in  propagated  disturbance,  3<>0 

 magnitude  of  impulse  in, 

Regulation  of  blood  supply,  1111 

—  of  osmotic  pressure  of  blood,  35.'] 

—  of  temperature,  AM  • 

—  of  respiration,  fi3U 
Kcinforcomont  in  reflexes,  4iM) 
Relative  isomers,  287 

Relation  between  size  of    particles  and 

precipitating  salt,  MA 
Relaxation  of  muscle,  43t> 
Relay  mechanism  in  receptrjis,  512 
Removal  of  cortical  areax,  480.  .'><Ht 

—  of  lipoid  from  heart  on  perfusion,  2J 1 
Renal  circulation  and  osnuitic  pressure  of 

blooil,  IM 

—  secretion,  Bowman's  tlieory  of,  351 
 Lu  Iwig's  theory  of,  35:4 

—  Hecretory  process,  general  nature  of,  357 
Rennet,  action  of  oalciuui  on,  '211 

Repair  pnK'esses  ditTerent  finim  growtli,  270 
Replacement  of  lactic  acid  in  muscle,  111 
Reproduction,  2111 

Reproductive  organs,  internal  secretions  i»f, 
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Residual  aflinities,  22U 
Resonance,  88^  52.').  5.'>1 

—  in  photo  chemical  reaction,  552 
Respirations,  external  and  internal,  <>0<l 

—  Mayow  on,  U04.  (>05 

—  nervous  mechanism  of,  li32 

—  regulation  of,  ti.'iO 

Respiratory  centre,  reaction  of,  to  hydn»gen 

ions,  «>.30 
 to  oxygen,  U^il  , 

—  exchange  of  nerve  cent  res,  472 

—  quotient  dcHnetl,  2ID 

—  —  in  hibernation,  27S 

 in  muscular  work,  Liil 

 of  isolat««!  spinal  cord,  <iOS 

—  of  kidney,  'M'.i 

HtU  iitintbUt,  .THI 

Retina,  photo-chemistry  of,  575 

—  structure  of,  oH> 
Retractor  penis  muscle,  40.3,  4(>4 
Reversal  eUects  at  periphery,  i2M 
 in  reflexes,  42L  428^  -m 

—  in  cerebral  cortex,  481 

—  of  phase  in  emulsions,  214 
R«ver8il>le  and  irreversible  colloids,  28 

—  iuactivation  of  eiiiymes,  313 

—  reactions,  311 

 and  permeability  of  c^'ll,  132 


847 

Reversible  reactions,  ciitalysis  of,  .'U>4 

 final  state  foreseen,  4 

Reversibility  of  enzyme  action,  .3il 

—  of  processes,  30,  32U 
Kheonomc,  3i<- 

—  excitation  of  nerves  by,  3x7 

—  tonic  reflex  by  means  of,  388.  40'J 
Kheotome,  ♦>44 

Rhumbler's  chloroform  an<l  glass  tikI  ex- 
periment, 3 
Rhythm  of  stimuli  a^  factor  in  sensation,  514 
Rhythmic  contniction,  15Si 

—  reflexes,  iiiS 

 mode  of  production  of,  498 

Righting  movement  of  starfish,  ^2 
Rigidity  of  minute  dn>|)«,  iMi 
Ringer,  portrait  of,  2<Hi 
Ringer's  solution,  201,  211 
Rivers,  dissolved  matter  in,  229 
Rontgen  rays,  use  of,  in  intestinal  move- 
ments, 3iiji 
R«jot  pressure,  Hi3 

—  tubercles  of  leguminos<e,  252 
Rumination,  313 

s 

Sacral  autonomic  nerves,  4.K4 
Salicin,  action  of  cniulsin  on^  3115 
Salicinase,  .'{28 

iSalinc  solutions,  physiultigical,  205 
Saliva,  function  of,  373 
Salivary  seci-ction,  reflex,  ."i<l3 
"  Salting  out"  of  c-*illoids,  lili 
Salts  of  muscle,  121 

—  of  weak  acids  with  weak  l>UKes,  21 S 
Saponin  ha-molysis,  action  of  salts  on,  l.'{7 
Sircoplasm,  contraction  of,  545.  TM 
Saturation  of  lucmoglobin   with  oxygen, 

014 
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Schardinger's  reaction,  .'>8B 
Schema  of  the  circulation,  'i7  i 
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—  oliject  of,  421 
Scratch  reflex,  403 

—  number  of  neurones  active  in,  470 
Scurvy,  2^ 

Sea  anemone,  digestion  in,  2ti6 

—  water  in  relation  to  salt^  of  blot^tl,  200 
Searlo's  torsion  opparatus,  411 

Scat  of  fatigue  in  muscle,  390 
Secretin,  344  .  3.X),  713 
Secretion  and  osmosis,  IH.?,  '<'U 

—  and  j>ermeability,  1 40,  '.VM 

—  by  renal  tubules,  35."> 

—  definition  of,  'Xi'.i 

—  electrical  change  in,  OttO 

—  energy  mechanism  of,  342 

—  imbibition  theory  of,  335 

—  necessity  of  salts  for,  215,  350 
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Secretion,  nervous  nieohanisiu  of,  '^4.'> 

—  of  urine  in  frog,  3.">6 

—  of  water,  333 

—  relation  of,  to  oxygen  pressure,  34ii 

—  work  done  in,  'X^'^ 
Secretions,  osmotic  pressure  of,  3111 
Secretory  activity  and  strength  of  stininhis, 

387 

"  Secretory''  nerves  to  glands, 
Secretory  pressure  of  saliva,  33*5 

—  process,  nature  of,  34iJ 
Semieiroular  canals,  iJS 
Semipermeable  membranes,  111 
Sensation,  analysis  of,  .'>13 

—  in  physiology,  029 
Sense  of  direction,  iiJ^ 
Sensitive  plant,  \2& 

 mechanism  of  movement  in,  431 ' 

Scnsori-motor  centres  of  cortex,  4S() 
Sensory  fibres  in  sympatiietic  nerves, 
Sepia,  secretion  of  ink  of,  3,'i9 
Sexual  organs,  internal  secretion  of,  710 

—  reproduction,  advantage  of,  ififci 
Sherrington,  portrait  of,  -tsit 
Shock,  4X6 

Side -chain  theory,  328.  7.Tt 
Silent  discharge,  proiluction  of  formaldehyde 
by,  jfil 

Silica  gel,  water  content  of,  1 
Silk,  Ml 

—  OS  charged  colloid,  liMj 

—  peptone,  use  of,  2-SS 
Sinusoidal  currents, 
Siphon  outflow  recorder,  ftttO 

Size  of  particles  and  amount  of  pi-ecipitating 
ion,  SI 

Skin  of  fr«>g,  elect  ricitl  change  in,  (ifiQ 

—  receptors,  all 
Sleep,  "»0B 
Slide  rule.  111 

Slyko,  van,  NHj  method,  ;ifi3 
Smell,  sense  of,  oil,  •"»  I '» 
Smoke,  11 
Smooth  muscle,  43r» 

 action  «»f  electrolytes  on,  liiu 

 electrical  change  in,  lt."i4 

 re8]Hjnse  of,  to  stretching,  4.H7 

 tonus  of,  iaii 

Smoothed  curves,  4£i 

Snail's  heart,  action  of  calcium  on,  2Iu 

Snake  poisons,  3<M> 

Soap  tilm,  48 

—  gels,  formation  of,  IKi 

—  solution,  lii 

Sodium,  action  of,  on  heart  mu&cle,  2t)7.  iUli 
■  on  n«us«'le,  '217 

—  acts  on  cell  membrane,  L42 

—  bicarbonate  in  relation  to  carbon  dioxide 

tension,  018, 

—  chU>ride,  xise  of,  3."»4 

—  ionn,  effect  of,  on  permeability,  124.  12j 


Sodium  Halts  re;«liSorbed  in  kidney, 
Sol  and  gel,  18 
Solid  solutions,  U2 

—  state,  8ii 
 theory  of,  lili 

Solids,  ikassage  of,  through  mciiibroncK,  144 

—  surface  tension  of,  u2 

Solubility  in  membrane  substance,  1 12,  113 

—  in  surface  layer,  dl 

—  nature  of,  22U 

—  of  large  and  snjall  particles,  lii 

—  of  oxygen  in  lung  epithelium,  ti2il 
4 —  of  salts  in  colloidal  solutions,  Hi'> 
Solution  presHurc,  lUQ 

—  tension  of  colloids, 

—  volume, 

Solvation,  nature  of,  22!i 

Solvent  power  an  increased  by  water,  L32 

Somatic  nerves,  4S4 

Sorb(»Hc  Ijacterium,  •-?4il 

Sitrciiscn's  NH._,  method,  263 

Sound  pattern  theory,  a2&. 

—  perception  of,  -Vifi 
Sounds  of  the  heart,  fi77 

Source  of  energy  for  electrolytic  dissociation, 
IM 

S^iace   occupied    by  molecules  in  a  gas 
(Lannor),  Hi! 

—  —  by  molecules  in  a  liquid,  IjQ 
Sf>ecific  adsorption,  GO 

—  capillary  constant,  j2 

—  conductivity,  LIj 

—  dynamic  action  of  protein,  247.  2fia 

—  staining  of  cell  constituents,  12j  lit 
Si>ecificity,  732 

—  of  catalysts,  31Q 

—  of  enzymes,  310.  32ii 

—  of  oxidases,  ■'iX"» 

S{>cctra  of  luminous  animals,  3iMx 
Spectrophotometry,  jil 
Speech,  482 

Sphitictcr  muscles,  3t>6.  'Ml,  3tiH 
I     Spinal  animal,  4S8.  ^liil 
!     --  cord,  isolated,  H(»7 
j     —  induction,  immediate.',  4fltl 

 successive,  41jl.  4t>7 

—  reflexes,  488 

—  shock,  lUi 
Spiritus  nitro  ii-reus,  fiUl 

Splanchniu  nerve,  action  of,  ou  intestine, 
3lia 

Sponges,  reaction  of,  to  stimuli,  IM 
Sprat  on  experiments,  xiii 
Spread  of  stimuli  in  cortex,  aOti 
S<iuare  r«HJt  law,  3 1  .'> 
Stable  colloids,  iia 

Stability  of  colloidal  solutions,  87i  U3 
Staining,  10 

—  effect  of  electrolytes  on,  21 

—  of  histological  preparations,  object  of,  9 

—  of  nerve  fibres,  II 
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Staining  of  Nisei  bodies,  21 

—  with  inethyleuc  blue,  lu 
Staircaso  phenomenon,        4.')  1 ,  4.t.t 
iStalayniumeter,  ifl 

^Sta^-oullH,  iJlili 

Ntan;h  as  statoliths  in  plants,  .>30 

—  hydrolysed  by  acid,  3ill 

—  iodide,  an  adsorption  coropound,  63 
Starfish  "smelt"  by  scallop,  aLi 
Starvation,  'ML 

State  of  affecting  re8|x>nBc,  21 

Static  surface  tension,  iili 

Statistic^il  nature  of  kinetic  theory,  28^  lil 

Sl4itocy9t«,  a22 

Stepping,  4SiL  4«>S 

Stereotaxic  instrument,  4S'2 

Sterilisation  in  relation  to  water,  liAQ 

—  of  food  in  stomach,  374 
Stimulation  of  nerves,  nitUhotU  of,  380,  .tSI 
Stomach,  killing  of  microbes  in,  374 
Storage  of  carbohydrate,  280 

—  of  fat,  2HU 

—  of  protein,  280^ 
Streaming  of  protoplasm,  lil 
Stretching  of  nerve,  ctfect  of,  on  rate  of 

conduction,  3il6 
Striated  muscle,  structure  of,  131 
Stritig  galvanonieter,  «>40.  (j41.  6i2 
Stroma  of  blood  corpuscles,  IM 
Strong  and  weak  aciils  and  bases,  HIT, 

—  electn>lytcH,  nature  of,  ISI.  1N2 
Strontium  autagoniscd  by  calcium,  'Z\Sk 
Strophanthin,  nio<lo  of  action  of,  131 
Structural  details,  xiv 

—  formula',  40i  il 

Structure  of  cell,  im^iortancc  of,  in  oxida- 
tion, 589 

 mode  of  action  of,  5{I0,  5D2 

Stnigglc  for  free  energy,  32 

—  with  nature,  ivi 
Strychnine,  reversal  by,  iUQ 
~  in  vawomotor  reflexes,  701 

—  mechanism  of,  427.  .VH) 
Sublimation  tension,  6I<> 
Submicron,  SQ 
Substrate  defined,  308 
Successive  spinal  induction,  491,  497 
Siirctui  tuttricxiM,  secretion  of,  34.') 
Sudden  changes,  O^ffl 

Sulphates,  excretion  of, 
Sulphuric  acid  manufacture,  32»i 
Summaticm  in  nerve  Hbrcs,  3Ui 

—  in  reflexes,  ISfl 

—  of  c(mtraction  in  heart  muscle,  4»>-t 
Sunburn,  .')70 

Supermechanical  properties  of  protoplasm,  3 
Supersaturated  solutions,  3Ui 
Suprarenal,  rate  of  circulation  through,  H12 
Suprarenals,  development  of,  717 

—  relation  of,  to  sym]>athotic,  717 


Surface  action,  48 

—  condensation  in  enxymc  ai;tion,  32H.  321 

—  controlling  rate  «)f  reaction,  tto,  lil 

—  energy  and  chemical  activity,  id 
 in  cell  mechanics,  31! 

 source  of,  ^ 

 temperature  coefficient  of,  tU 

—  extent  of,  in  gold  sols,  Hi 

—  increase  of,  in  colloidal  state,  Hi 

—  of  c«ll8,  action  by  metins  of, 

—  tension,  4^ 

—  —  and  electrical  charge,  8d 

 and  protoplasmic  movements,  21 

 and  solubility,  53i  M 

—  —  at  solid  surfaces,  ^ 
 cause  of,  5Q 

 effect  of  solutes  on,  52 

 -in  naked  protoplasm,  3 

 in  relation  to  concentrationofKolute,ii2 

—  —  in  relation  to  muscle  process,  447 
 of  protoplasm,  j2 

Surfaces,  chemical  reactions  on,  59 

Survival  of  cells  and  tissues,  22 

Suture  of  different  nerves  tog^-thor,  :^87.  4iil 
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